Attorney Docket No. 9536-3 



PATENT 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re: Vance et al. Confirmation No.: 6465 

Application No.: 10/623,930 Group Art Unit: 1638 

Filed: July 21 , 2003 Examiner: V. Kumar 

For: Compositions and Methods for the Modulation of Gene Expression In Plants 

Date: January 3, 2007 

Mail Stop RCE 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 



Tab A 



From: 7032929061 Page: 2/6 Date: 1/2/2007 5:03:12 PM 



Attorney Docket No. 9536-3 



PATENT 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



Application Serial No.: 10/623,930 
Filed: July 21, 2003 



In re: Vance et al. 



Confirmation No.: 6465 
Group Art Unit: 1638 
Examiner: V. Kumar 



For: Compositions and Methods for the Modulation of Gene Expression In Plants 



I, Vicki Bowman Vance, do hereby declare and say as follows: 

1 . I am a named inventor under United States Application No. 10/623,930 ("the 
'930 application") and of the subject matter claimed therein. 

2. I have a. Ph.D. in Plant Biology, from Washington University (St. Louis, MO). I 
am a Professor of Biological Sciences at the University of South Carolina, Columbia, SC. 
Presently, I anV¥lso serving as Program Director, National Science Foundation, Molecular 
and Cellular Biology Division. I am involved in research in the area of gene silencing in 
plants and have authored or co-authored more than 16 publications related to this area. A 
curriculum vitae is attached herewith at Appendix B. 

3. The practice of this invention entails using natural plant genes that encode 
microRNAs (miRNAs) and modifying those genes using standard recombinant DNA 
technology, known in the art at the time of filing of the 093 application, so that "artificiar 
miRNAs are produced that target the RNAs of choice. MiRNAs are smalt RNAs (usually 
21-24 nucleotides long) that incorporate into a large protein silencing complex and guide 
that complex to a particular target RNA and prevent the target RNA from producing 
protein, either by blocking translation or, more commonly in plants, by causing the target 
RNA to be cleaved. MiRNAs are not transcribed directly from their genes as 21-24 
nucleotide small RNAs, but are made as longer precursor RNAs that contain a stem-loop 
structure in which the miRNA sequence is found within one arm or the other of the stem. 
The initial miRNA transcript is called a primary transcript (or the pri-miRNA) and usually 
contains sequences both upstream and downstream of the stem-loop structure. However, 
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it is the stem-loop structure that is important for the proper processing events needed to 
produce a mature functional miRNA. 

An intermediate step in miRNA production is the production of the stem-loop 
structure itself, which is called the precursor miRNA or pre-miRNA. MiRNAs and the 
stem-loop precursors from which they are derived were well known in the art at the time of 
filing of the present application. The primary literature describing plant miRNA precursors 
is cited in the application (Reinhart et al., Genes Dev.16(13): 1616-26 (2002) and Llave et 
aL, Plant Cell. 14(7): 1605-19 (2002); copies provided with applicants 1 response dated 
August 10, 2006). Reviews describing the structures of the precursors that are processed 
to produce the mature functional miRNAs have also been published (for example, Bartel 
and Bartel, Plant Physiol. 132(2): 709-17 (2003) and Kidner and Martienssen, Trends 
Genet. 19(1): 13-6 (2003); copies provided with applicants 1 response dated August 10, 
2006). Thus, plant miRNAs and their precursors, as well as the technology used to isolate 
them, were well known in the art at the time of filing the *093 application. 

4. The structures of 863 plant stem-loop miRNA precursors are currently available 
at a website described by Griffiths- J ones and colleagues (Nucleic Acids Res. 34(Database 
issue): D1 40-42006 (2006); copy enclosed at Appendix C). The first release of this 
database was in July of 2003 (Release 2.0). Only the stem-loop structure is reported, 
because the actual length of the primary transcript is not known in most cases. However, 
as stated above, it is the stem-loop that is the important part of the miRNA precursor 
Thus, miRNAs and their precursors were well known in the art at the time of filing the 
present application, and this information was then and remains easily and publicly 
accessible. 

5. The '093 invention describes a general strategy to make "designer miRNAs" 
(also referred to as "artificial miRNAs" or "synthetic miRNAs") that target cellular or viral 
RNAs making use of the natural miRNA genes cited above. Thus, the natural miRNA 
sequence within the natural miRNA gene is modified so that it is now the desired "artificial" 
miRNA. To ensure that the newly designed miRNA remains within the proper context of 
the natural miRNA precursor and is therefore properly processed, the sequences opposite 
(or complementary) to the artificial miRNA in the stem are also modified to maintain the 
secondary structure of the stem. The modifications needed to produce a stem-loop that is 
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subsequently processed into an artificial miRNA utilize straightforward recombinant DNA 
technologies that were standard in the art at the time of filing of the '093 application. 

Further, since the filing of the present application, the invention has been 
successfully practiced by several independent labs, each using a different miRNA gene as 
the backbone. The results of the successful use of the invention have been published in 
highly respected scientific journals and some of these are briefly described below. 

a) The Vaucheret lab successfully demonstrated the making and using of the 
invention by modifying one of the genes that encodes miRNA 168 (miR168) in the 
model plant Arabidopsis thaliana. The miR168 gene was modified to change the 
natural miR168 sequence within the precursor to one targeting a messenger RNA 
different from the original miR168 target. The other side of the stem structure in the 
precursor was modified to maintain the secondary structure of the engineered miR168 
precursor, as taught in the invention. The desired target was cleaved in transgenic 
plants thereby demonstrating the success of the invention. This work was published in 
2004 (Vaucheret et al., Genes Dev. 1 8(1 0):1 187-97 (2004); copy provided with 
applicants' response dated August 10, 2006). 

b) The use of the present invention was recently demonstrated in a more global way in 
the Weigel lab (Schwab et al., Plant Cell. 18(5):1 121-33 (2006); copy provided with 
applicants 1 response dated August 10, 2006). These investigators used two different 
miRNA genes (miR172a and miR319a) as backbones to produce designer miRNAs to 
target specific genes as taught by the invention. They refer to the designer miRNAs 
produced this way as artificial miRNAs (amiRNAs). The investigators reported that 
both miR172a and miR319a genes worked well for producing amiRNAs and that they 
were able to target a variety of endogenous plant genes in a very efficient and 
straightforward manner using the amiRNA technology. 

c) The invention was also successfully used in a publication appearing in 2006 
(Alvarez et at., Plant Cell. 18(5):1 134-51 (2006); copy enclosed at Appendix D). These 
authors used the Arabidopsis miR164b gene as the backbone of their artificial miRNA. 
The artificial miRNA was targeted to a set of three endogenous Arabidopsis genes by 
designing an artificial miRNA that was complementary to a sequence common to the 
expressed messenger RNAs of all three Arabidopsis RNAs. Thus, the authors 
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demonstrated that a single artificial miRNA could be used to target multiple RNAs. 
This publication concludes that "miRNAs provide a flexible, quantitative, and 
autonomous platform that can be employed for regulated expression of multiple related 
genes in diverse species." 

d) A fourth publication demonstrates that the artificial miRNA invention can also be 
successfully employed to target viral RNAs that are required for the replication of 
certain plant viruses, thereby establishing resistance to the targeted virus (Niu et al., 
Nat Biotechnol. 24(1 1): 1420-8 (2006); copy enclosed at Appendix E). In this published 
work, the authors used a miRNA gene encoding miR159 as the backbone for their 
artificial miRNA. As seen in the previous examples as well as in this case, the 
modifications to the miRNA gene, to modify the natural miRNA sequence to the 
desired artificial miRNA and, subsequently, to modify the opposite strand of the 
precursor to maintain proper secondary structure of the precursor, were techniques 
known in the art at the time of filing of the present application. These technologies are 
straightforward and successful and show that the invention works very well. These 
authors also point to the general applicability of the technology and the ease with 
which it can be used. 

e) The Niu et al, 2006 reference also demonstrates the use of a "dimeric miRNA 
precursor" to produces two different artificial microRNAs from the same precursor. In 
this case, the authors first engineered two different artificial miRNA precursors using 
the miR159 stem-loop backbone and demonstrated the efficacy of each independently. 
Then they constructed a dimeric gene, which contained the two individual artificial 
miRNA constructs ligated together and under control of the same promoter. Thus, the 
two miR159 stem-loop structures, each containing a different artificial miRNA, were 
part of the same miRNA precursor. This dimeric precursor strategy was quite effective 
and allowed the investigators to produce two different artificial miRNAs in a 
coordinated fashion. 

6. Finally, the Nui et al., 2006 publication also brings up a point that relates to the 
ease with which the invention can be practiced. The whole process can be pre-tested 
using a well-established standard transient assay called agro-infiltration. The agro- 
infiltration assay was developed early on for work on RNA silencing (Brigneti et al., EMBO 
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J. 17(22): 6739-46 (1998); Johansen and Carrington, Plant Physiol. 126(3):930-8 (2001); 
copies enclosed at Appendix F) and was later very successfully adapted to the evaluation 
of endogenous microRNAs and their targets (Llave et al, Science. 297(5589):2053-6 
(2002); copy enclosed at Appendix G). This standard assay can be used both to ensure 
that the artificial miRNA is property produced from the modified gene and that the artificial 
miRNA will work to cleave the desired target. Thus, the success of the particular artificial 
miRNA can be quickly and easily assayed before proceeding to make stable transgenic 
plants. In the transient agro-infiltration assay, the binary plasmid carrying the modified 
miRNA gene is transformed into Agrobacterium and then the transformed bacteria are 
infiltrated into the leaves of Nicotiana benthaminiana. The accumulation of the desired 
artificial miRNA can then be assayed by standard technologies such as those described in 
these publications and well known in the art at the time the application was filed, including 
Northern gel blot analysis. Similarly, to determine if the artificial miRNA will cleave the 
desired target, the two constructs (one expressing the artificial miRNA and the other the 
putative target RNA) can be co-infiltrated into the same spot on the same leaf and the 
cleavage of the target at the miRNA target site assayed by standard methods, including 
Northern gel blot analysis and 5' Rapid Amplification of cDNA Ends (5'-RACE). 

7. I hereby declare that alt statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to be true; and 
further that these statements were made with the knowledge that willful false statements 
and the like so made are punishable by fine or imprisonment, or both, under Section 1001 
of Title 18 of the United States Code and that such willful false statements may jeopardize 
the validity of the application or any patent issued thereon. 

Vicki Bowman Vance, Ph.D. / Date ' i 
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Vicki Bowman Vance 
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EDUCATION/TRAINING 


INSTITUTION AND LOCATION 


DEGREE 
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FIELD OF STUDY 


Eastern Illinois University (Charleston, IL) 

University of Illinois at Medical Center (Chicago, IL) 
Washington University (St. Louis, MO) 


BS 

MS 
Ph.D. 


1971 
1973 
1983 


Botany 

Microbiology 
Plant Biology 



A. Positions and Honors. 



Positions and Employment 



1972- 1973 

1973- 1975 
1977-1978 

1983-1988 



1988- 1989 

1989- 1995 
1995-2000 
2000-present 
2003-present 

2005- present 

2006- 2007 



Bacteriologist, USDA Dairy Testing Laboratory, Chicago, IL 

Clinical Virologist, Municipal Contagious Disease Hospital, Chicago, IL 

Lab Specialist, Department of Biology, University of Virginia, Charlottesville, VA 

(CP. Emerson, Advisor) 

Postdoctoral Research Fellow, Department of Biology, University of South Carolina, Columbia, 
SC (09/83-09/84, with L. Bowman, ribosomal RNA studies; 10/84-02/85, with M. R. Stallcup, in 
vitro transcription studies; 03/85-02/88, with A. Huang, plant molecular biology studies) 
Research Assistant Professor, Dept of Biology University of South Carolina, Columbia, SC 
Assistant Professor, Dept of Biological Sciences, University of South Carolina, Columbia, SC 
Associate Professor, Dept of Biological Sciences, University of South Carolina, Columbia, SC 
Professor, Dept of Biological Sciences, University of South Carolina, Columbia, SC 
Wade T. Batson Jr. Professor of Botany 

Co-founder and Vice President of Research for GEOGENETICS, INC 

Program Director, National Science Foundation, Molecular and Cellular Biology Division, 
Genes and Genomes Cluster 



Other Experience, Professional Memberships, and Achievements 
1 992-present Member, American Society of Virology 

1 993 Convener, Plant Virus Replication Section, American Society of Virology meeting 

1996, 99, 03 Review Panel Member, USDA National Research Initiative Competitive Grants Program (Plant 

Pathology and Genetic Mechanisms Panels) 
1997-present Member, American Phytopathological Society 
1997-1999 Virology Committee, American Phytopathological Society 

1999 Principal co-inventor, US patent no. 5,939,541: "Method for Enhancing Expression of a Foreign 

or Endogenous Gene Product in Plants" 
2000-present Member, American Society of Plant Biologists 

2001 Review Panel Member, NIH study section CDF-1 (Mar. 15-16, 2001) 

2002 Inventor, US patent no. 6,395,962: "Compositions and methods for modulating gene 
expression in plants" 

2002&2003 Review Panel member, NIH study section SSS-Y (Nov. 1 3-1 5, 2002; July 9-1 1 , 2003) 
2005 Principal co-inventor, US patent no. 6,806,400: "Method for Enhancing Pathogen Resistance in 

Plants" 

2005 Inventor, US Patent no, 6,972,349: "Control of Post-Transcriptional Gene Silencing in Plant" 

2006 NSF 2010 Review Panel Member, May 10-12, 2006 
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2006 
Honors 
1971-1972 
1981-1983 



NSF/USDA Joint Microbial Genome Sequencing Program Panel Member, May 29-31 , 2006. 



1993 
2001 
2002 
2003 
2004 
2006 



Graduate Fellowship, University of Illinois at Medical Center 

Pioneer Seed Fellow, Washington University 

Elected "Preferred Faculty Member," University of South Carolina 

Invited Speaker for Council for the Advancement of Science Writers (November, 2001) 

Certificate of Appreciation from Patterson Hall residents, USC 

Appointed Wade T. Batson, Jr. Professor of Botany (August, 2003) 

Finalist for Michael J. Mungo Teaching Award 

USC Russell Research Award recipient 



B. Peer-reviewed Publications; Patents 

1 . Vance, V. B. and Beachy, R.N. (1 984) Translation of soybean mosaic virus RNA in vitro: Evidence of 
protein processing. Virology 132: 271-281. 

2. Vance, V. B. and Beachy, R.N. (1 984) Detection of genomic-length soybean mosaic virus RNA on 
polyribosomes of infected soybean leaves. Virology 1 38 : 26-36. 

3. Vance, V. B., Thompson, E.F. and Bowman, LH. (1985) Transfection of mouse ribosomal DNA into rat 
cells: Faithful transcription and processing. Nucleic Acids Research 13: 7499-751 3. 

4. Qu, R., Wang, S.M., Lin, Y., Vance, V. B. and Huang, A.H.C. (1986) Characterization and biosynthesis of 
membrane proteins of lipid bodies in the scutella of maize. Biochem. J. 235 : 57-65. 

5. Huang, A.H.C, Qu, R., Wang, S.M., Vance, V. B., Cao, Y. and Lin, L. (1987) Synthesis and degradation of 
lipid bodies in the scutella of maize. In: The metabolism, structure and function of plant lipids. (P.K. 
Stumpf, J.B. Mudd and W.D. Nes, eds.) pp. 239-246. Plenum Press, New York. 

6. Vance, V. B. and Huang, A.H.C. (1987) The major protein from lipid bodies of maize: Characterization and 
structure based on cDNA cloning. J. Biol. Chem. 262: 1 1275-1 1279. 

7. Vance, V. B. and Huang, A.H.C. (1988) Expression of lipid body protein gene during maize seed 
development: spatial, temporal and hormonal regulation. J. Biol Chem. 263 : 1476-1481. 

8. Qu, R., Vance, V. B. and Huang, A.H.C. (1990) Expression of genes encoding oleosin isoforms in the 
embryos of maturing maize kernels. Plant Science 72: 223-232. 

9. Vance, V. B. (1 991 ) Replication of potato virus X RNA is altered in co-infections with potato virus Y. 
Virology 182: 486-494. 

TO. Scott, S.W., Vance, V. B., and Bachman, EJ. (1992) The use of nucleic acid probes for the detection of 
necrotic ringspot virus and prune dwarf virus. Acta Horticulturae 309: 79-84. 

11 . Vance, V. B., Jordon, R.L., Edwardson, J.R., Christie, R.G., Purciful, D.E., Turpen, T. and Falk, B.W. 
(1992) Evidence that pepper mottle virus and potato virus Y are distinct viruses: Analysis of the 
3'untranslated and coat protein sequences of a California isolate.of pepper mottlejvirus.. Archives of . . 
Virology (suppl. 5): 337-345. 

12. Vance, V. B., Moore, D., Turpen, T.H., Bracker, A. and Hollowell, V.C. (1992) The complete nucleotide 
sequence of pepper mottle virus genomic RNA: Comparison of the encoded polyprotein with those of other 
sequenced potyviruses. Virology 191 , 19-30. 

13. Bachman, E. } Scott, S., Xin, Ge and Vance, V.B. (1994) Complete nucleotide sequence of prune dwarf 
viral RNA 3: Implications for coat protein activation of genome replication in ilarviruses. Virology 201, 
127-131. 

14. Vance, V. B., Berger, P.H. Carrington, J.C., Hunt, A.G. and Shi, X.M. (1995). 5* proximal potyviral 
sequences mediate potato virus X/potyviral synergism in transgenic tobacco. Virology 206, 583-590. 

15. Sriskanda, V., Pruss, G., Ge, X., Vance, V. B. (1996). An eight-nucleotide sequence in the potato virus X 
3' untranslated region is required for both host protein binding and viral multiplication. J. Virol 70, 5266- 



16. Shi, X.M., Miller, H., Verchot, J., Carrington, J.C. and Vance, V. B. (1997). Mutations in the region 
encoding the central domain of HC-Pro eliminate PVX/potyviral synergism. Virology 231, 35-42. 

17. Pruss, G., Ge, X., Shi, X.M., Carrington, J.C. and Vance, V. B. (1997). Plant viral synergism: The 
potyviral genome encodes a broad range pathogenicity enhancer that transactivates replication of 
heterologous viruses. Plant Cell 9, 859-868. 
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18. Anandalakshmi, R., Pruss, G.J., Ge, X., Marathe, R., Mallory, A.C., Smith, T.H., and Vance, V. B. (1998) A 
viral suppressor of gene silencing in plants. PNAS USA 95, 13079-13084. **(this article was the subject of 
a News and Views in Nature ) 

19. Marathe, R.J., Smith, T. H., Anandalakshmi, R., Bowman, L.H., Fagard, M., Mourrain, P., Vaucheret, H., 
and Vance, V. B. (2000) Plant viral suppressors of post-transcriptional silencing do not suppress 
transcriptional silencing. Plant J. 22, 51-59. 

20. Vance, V. B. (2000) Plant Viral Synergism. In Encyclopedia of Plant Pathology. Edited by O. C. Maloy & T. 
D. Murray. New York: John Wiley and Sons. 

21 . Anandalakshmi, R., Marathe, R., Ge X., Herr, J.M., Mallory, A., Mau, C, Pruss, G., Bowman, L, and 
Vance, V. B. (2000) A calmodulin-related protein from tobacco suppresses post-transcriptional gene 
silencing. Science 290, 142-144. 

22. Mallory, A.C., Ely, L, Smith, T. H., Marathe, R., Anandalakshmi, R., Fagard, M., Vaucheret, H., Pruss, G., 
Bowman, L., and Vance, V. B. (2001) HC-Pro suppression of transgene silencing eliminates the small 
RNAs but not transgene methylation or the mobile silencing signal. Plant Ce//13, 571-583. 

23. Matzke, M.A., Matzke, A.J., Pruss, G., and Vance, V.B. (2001) RNA-based silencing strategies in plants. 
Curr. Opin. Genet. Dev.V\_, 221-227. 

24. Vance, V.B. and Vaucheret, H. (2001) RNA silencing in plants - defense and counterdefense. Science 
292, 2277-2280. 

25. Mlotshwa, S.,Voinnet, O., Mette, M.F., Matzke,M., Vaucheret, H., Ding, S.W., Pruss,G., and Vance, V.B. 
(2002) RNA silencing and the mobile silencing signal. Plant Cell, 14 supplement, S289-301 . 

26. Mallory, A., G. Parks, M. Endres, Baulcombe, D., Bowman, L. Vance, V. B. (2002) The amplicon-plus 
system for high-level expression of transgenes in plants. Nature Biotechnology 20, 622-625. 

27. Mallory, A.C., Reinhart, B.J., Battel, D., Vance, V.B.* and Bowman, L.H.* (2002) A viral suppressor of RNA 
silencing differentially regulates the accumulation of short interfering RNAs and microRNAs in tobacco. 
PNAS USA 23, 15228-15233. *these authors contributed equally to the work 

28. Mallory, A.C., Mlotshwa, S., Bowman, L.H. and Vance, V.B. (2003) The capacity of transgenic tobacco to 
send a systemic. RNA silencing signal depends on the nature of the inducing transgene locus. 
Plant J, 35, 82-92. 

29. Pruss, G J., Lawrence, C.B., Bass, T., Li, Q., Bowman, L.H., and Vance, V. (2004) The potyviral 
suppressor of RNA silencing confers enhanced resistance to multiple pathogens. Virology 320, 107-20. 

30. Wang M.B., Bian X.Y., Wu LM, Liu L.X., Smith N.A., Isenegger D., Wu R.M., Masuta C, Vance V.B., 
Watsop J.M., Rezaian A., Dennis E.S., Waterhouse P.M. (2004) On the role of RNA silencing in the 
pathogenicity and evolution of viroids and viral satellites. Proc Natl Acad Sci U S A. 1 01 , 3275-80. 

31 . Roth, B.M., Pruss, G.J. and Vance V.B. (2004) Plant viral suppressors of RNA silencing. Virus Res. 102, 
97- 108. 

32. Adai, A., Johnson, C v Mlotshwa, S., Archer-Evans, S., Manocha, V., Vance, V. and Sundaresan, V. (2005) 
-— J Computational" prediction of miRNAs in Arabidopsis thaliana. Genome Res. 15, 78-91- 

33. Mlotshwa, S., Schauer, S., Smith, T. H., Mallory, A., Herr, J.M., Roth, B., Merchant, D., Ray, A., Bowman, 
L. and Vance, V. (2005) Ectopic DICER-LIKE1 Expression in P1 /HC-Pro Arabidopsis Rescues Phenotypic 
Anomalies but not Defects in MicroRNA and Silencing Pathways. Plant CellU, 2873-85. 

34. Johnson, C, Bowman, L, Adai, AT., Vance, V. and Sundaresan, V. (2006) CSRDB: A Small RNA 
Integrated Database and Browser Resource for Cereals. Nucleic Acids Research, epub ahead of print 
December 14. 

35. Mlotshwa, S., Li J., Chen, X., Poethig, S., Bowman, L.H. and Vance, V.B. (2006) Required Roles for 
Arabidopsis DICER-LIKE2 and DICER-LIKE4 in RNA Silencing. In Preparation. 



Patents 
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• Inventor, US patent no. 6,395,962: "Compositions and methods for modulating gene expression in 
plants" 
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• Principal co-inventor, US patent no. 5,939,541; "Method for Enhancing Expression of Foreign or 
Endogenous Gene Products in Plants" 

• Principal co-inventor, US patent no. 6,806,400: "Method for Enhancing Resistance in Plants" 

• Inventor, US patent no. 6,972,349: "Control of Post-Transcriptional Gene Silencing" 

Patents Pending 

• Principal co-inventor, "Compositions and Methods for Modulation of Gene Expression in Plants", filed 
July, 2003, pending. 

• Principal co-inventor, "An Endogenous Regulator of RNA Silencing in Plants", filed June 2005, pending. 
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C. Invited Presentations (2003-2006) 

Seminars at Research Level 

• East Carolina Medical School, Greenville, NC January 2003 

• University of California, Davis: student invited seminar speaker, February 2003 

• Wayne State University, Detroit Michigan, March 2003 

• University of Maryland, College Park, Maryland, April, 2003 

• Maxygen Inc., Santa Clara, California, July 2003 

• Michigan State University, East Lansing, Michigan, September 2003 

• University of Minnesota, St. Paul, MN, June 2-4, 2004 

• Monsanto Company, St. Louis, MO, June 14-15, 2005. 

• University of South Carolina, Aiken, September 14, 2005. 

• Syngenta Biotechnology, Inc., November 14, 2005. 

Seminars Given for General Audience 

• Preston Lecture, Preston Residential College, April 9, 2003. 

• Regional InnoVenture, Columbia, SC, July 14, 2005. 

• Mentor Presentation to Howard Hughes Academic Year Scholars and NSF Plant 
Genome Scholars, November 1 1 , 2005 

Invited Conference Presentations (2003-2006) 

• 45 th Annual Maize Genetics Conference, Lake Geneva, Wisconsin, March 13-16, 
2003. 

• 4 th Annual Arabidopsis Minisymposium, Keynote Speaker, University of Maryland, 
April 12-13, 2003. 

• University of Florida, Plant Molecular and Cellular Biology 2003 Workshop, Keynote 
Speaker, Daytona Beach, Florida, May 9-10, 2003. 

• Gordon Conference, Viruses and Cells, II Ciocco Italy, Session Chair, May 18-23, 
2003. 

• EMBO Workshop-Genomic Approaches in Plant Virology. Keszthely, Hungary May 
28-31, 2003. 
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• American Society of Virology, Plenary Speaker, UC Davis, July 12-16, 2003. 

• Plant Genetics 2003: Mechanisms of Genetic Variation; Snowbird, Utah, October 22- 
26, 2003. 

• National Congress of Plant Biochemistry and Molecular Biology, Acapulco, Mexico, 
November 3-7, 2003. 

• US-Egypt Partnership, Science and Technology Agreement, NSF Workshop on 
Genetic Engineering and Genomics, Mubarak City, Egypt, Dec. 5-8, 2003. 

• The 25 th Annual Lome Genome Conference, The Organization and Expression of the 
Genome, Lome, Victoria, Australia, 2/15/2004. 

• Sackler Colloquium, RNAi, National Academy of Sciences, Washington DC, 

5/16/2004-5/18/2004 

• 2004 World Congress on In Vitro Biology, San Francisco, CA, 5/22/2004-5/25/2004. 

• American Society of Virology, Montreal, Canada, 7/9/2004-7/1 1/2004. 

• Banbury Center Meeting, "RNAi-Related Processes in Plants: Chromatin, 
Development and Defense", Cold Spring Harbor, NY, 8/15/2004-8/18/2004. 

• 2004 SC EMBER Conference on Life Sciences, Isle of Palms, SC 10/18/2004- 
10/19/2004. 

• Conference on Plant-Made Pharmaceuticals, Montreal, Canada, 1/30/04-2/03/05. 

• Noble Foundation Virology Mini-Retreat, Ardmore, Oklahoma, 4/1/05-4/3/05. 

• —22"- Annual -Stony Brook Symposium, -Stony- Brook University, 5/22/05-5/24/05. . - .. 

• The 5 th Symposium of Post-transcriptional Regulation of Plant Gene Expression, 
University of Texas at Austin, 6/8/05-6/12/05. 

• 8 th Annual Awardee Meeting, Plant Genome Research Project, National Science 
Foundation, September 8-9, 2005. 

• XII International Molecular Plant Microbe Interactions Congress, Keynote Speaker, 
Merida, Yucatan, Mexico, December 14-18, 2005. 

• RESISTVIR IVth Meeting entitled "Advances on sources, mechanisms and durability 
of resistance to plant viruses/vectors", Alicante, Spain, February 2-5. 
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Principal Investigator/Program Director (Last, First, Middle): 

• InnoVenture 2006, Selected Presenter for GeoGenetics, Inc., March 28-29. 

• 16 th Penn State Plant Physiology Symposium entitled "RNA Biology: Novel Insights 
from Plant Systems", Pennsylvania State University, University Park, PA, May18-20. 

• 9 th Annual Awardee Meeting, Plant Genome Research Project, National Science 
Foundation, September 7, 2006. 

• Symposium on Plant Regulatory RNAs, Institute of Plant and Microbial Biology, 
Academia Sinica, Taipei, Taiwan, September 8-9, 2006. 

• Joint US/India Workshop on Agricultural Biotechnology for the Global Public Good, 
Chennai, India, Organized by the National Academy of Sciences on behalf of the US 
State Department, October 5-8, 2006 
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ABSTRACT 

The miRBase database aims to provide integrated 
interfaces to comprehensive microRNA sequence 
data, annotation and predicted gene targets. miRBase 
takes over functionality from the microRNA Registry 
and fulfils three main roles: the miRBase Registry 
acts as an independent arbiter of microRNA gene 
nomenclature, assigning names prior to publication 
of novel miRNA sequences. miRBase Sequences is 
the primary online repository for miRNA sequence 
data and annotation. miRBase Targets is a compre- 
hensive new database of predicted miRNA target 
genes. miRBase is available at http://microrna. 
sanger.ac.uk/. 

INTRODUCTION 

MicroRNAs (miRNAs) are a class of non-coding RNA gene 
whose final product is a ~22 nt functional RNA molecule. 
They play important roles in the regulation of target genes 
by binding to complementary regions of messenger transcripts 
to repress their translation or regulate degradation (1-3). 
miRNAs have been implicated in cellular roles as diverse 
as developmental timing in worms, cell death and fat meta- 
bolism in flies, haematopoiesis in mammals, and leaf devel- 
opment and floral patterning in plants [reviewed in (4,5)]. 
Recent reports have suggested that miRNAs may play roles 
in human cancers (6-8). 

The biogenesis of miRNA sequences has been largely 
elucidated [reviewed in (9)1. The mature miRNA (often des- 
. ignated miR) is processed from a characteristic stem-loop 
sequence (called a pre-mir), which in turn may be excised 
from a longer primary transcript (or pri-mir). Only a handful 
of primary transcripts have been fully described, but evidence 
suggests that miRNAs are transcribed by RNA polymerase II, 
and that the transcripts are capped and polyadenyiated. 

Since the discovery of the founding members of the miRNA 
class, lin-4 and let-7 in Caenorhabditis elegans [reviewed in 



(10)], over 2000 miRNA sequences have been described in 
vertebrates, flies, worms and plants, and even in viruses. 
However, the functions of only a handful of these miRNAs 
have been experimentally determined. In parallel with novel 
gene identification efforts, the miRNA community' is therefore 
focused on predicting and validating miRNA gene targets. 

The miRBase database brings together the gene naming and 
sequence database roles previously fulfilled by the microRNA 
Registry (II), with the first automated pipeline for predicting 
miRNA target genes in multiple animal genomes. These three 
functions are briefly discussed in turn. 

miRBase REGISTRY- 



The rapid growth of the -miRNA field has been facilitated by the 
adoption of a consistenrgene naming scheme, which has been 
applied since the first large-scale miRNA discoveries (12-14). 
The miRNA Registry (11) has acted as an "independent arbiter of 
gene names, and this function is continued by the miRBase 
Registry. Names are assigned by the Registry based on guide- 
lines agreed by a number of prominent miRNA researchers and 
discussed elsewhere (15). In order to minimize the gaps in the 
naming scheme and to take advantage of the peer review pro- 
cess to assess the validity of submitted miRNAs, names are 
assigned after a manuscript describing their discovery is accep- 
ted for publication. Official gene names should be incorporated 
into the final version of a manuscript. The nomenclature guide- 
lines require that noveljmiRNA- genes are experimentally veri- 
fied by cloning or with evidence of expression' and processing. 
Homologous miRNAs -from related organisms that are identi- 
fied by sequence analysis methods may be named -without the 
need for further experimental evidence. 

miRNAs are assigned sequential numerical identifiers. The 
database uses abbreviated 3 or 4 letter prefixes to designate the 
species, such that identifiers take the form hsa-miR-101 (in 
Homo sapiens). The mature sequences are designated 'miR' in 
the database, whereas the precursor hairpins are labelled *mir\ 
The gene names are intended to convey limited information 
about functional relationships between mature miRNAs. For 
example, hsa-miR-101 in human and mmu-miR-l 01 in mouse 
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Figure 1. The sequence database entry for hsa-mir-25. The Ihree sections of the page describe the predicted stem-loop hairpin, mature sequences and primary 
references. The genomic coordinates and contextual information link to the Ensembl database. Each mature miRN A contains an evidence field, and links are provided 
to predicted target pages. 



are orthologous. Panilogous sequences whose mature miRN As 
differ at only one or two positions are given lettered suffixes — 
for example, mmu-miR-lOa and mmu-miR-iOb in mouse. 
Distinct hairpin loci that give rise to identical mature miRNAs 
have numbered suffixes (e.g. dme-mir-281-1 and dme-mir- 
281-2 in Drosophila melanogaster). It should be noted that 
plant and viral naming schemes differ subtly. 

However, miRNA names should not be relied upon to 
convey complex relationship information. Naming criteria 
may be subtly redefined over time, and opinion on the degree 
of conservation of mature sequence required for functional 
redundancy varies — some recent studies suggest that only 
the 5' so-called seed region of the sequence forms a tight 
duplex with the target mRNA (16). Related hairpin precursor 
sequences may give rise to mature sequences with only mar- 
ginal similarity and different miRNA numbers. The naming 
scheme is also complicated by instances where two different 
mature miRNA sequences appear to be excised from opposite 
arms of the same hairpin precursor. Such mature sequences 
are currently named of the form miR- 1 7-5p (5 ; arm) and miR- 
17-3p (3' arm). Complex sequence relationships and names are 
discussed with the submitting author on a case by case basis. 



miRBase SEQUENCES 

In parallel with the miRNA community's need for a consistent 
naming scheme, miRNA research and informatics "has bene- 
fited greatly from a dedicated database of miRNA sequences 
and annotation. The miRBase Sequence database takes over 
from the microRNA Registry database as the primary repos- 
itory for miRNA data. We briefly describe recent growth and 
database improvements. 

Rapid database growth 

The miRBase Sequence database contains sequences of all 
published mature miRNA sequences, together with their pre- 
dicted source hairpin precursors and annotation relating to 
their discovery, structure and function. The database has 
grown rapidly in the past 2 years, from 506 entries represent- 
ing miRNA hairpin precursors in six species (release 2.0. June 
2003) to 2909 entries in 36 species (release 7.0, June 2005). 

Stable accessions 

miRNA names may change in time to reflect newly discovered 
relationships between sequences. Stable database accession 
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Figure 2. mi RBuse Target view page for transcript F1 3D] 1 .2. The alignment view shows the alignment of miRNA binding sites in orthologous 3'-UTRs. Bits scores, 
/'-values, folding energies and alignments are shown for each miRNA match. 



numbers are therefore assigned to both hairpin (e.g. • 
MI0000015) and mature (e.g. MIMAT0000029) sequences 
to enable tracking of sequence entities. A summary of the 
differences between releases is available. In addition, 
human and mouse gene symbols are provided in consultation 
with the Genome Nomenclature Committees (HGNC and 
MGNC). 

Evidence tracking 

The database contains miRNAs from two fundamentally dif- 
ferent sources. Experimentally verified mature miRNAs are 
annotated with primary literature references and the experi- 
mental method used for discovery. The database also contains 
sequences that are predicted homologs of miRNAs verified in 
a related organism. For example, 223 of 313 distinct mature 
miRNA sequences from human (71%) have experimental 
evidence in human, while the remainder are clearly identifi- 
able homologs of verified miRNAs from mouse, rat and zebra- 
fish. Homologs are predicted based on sequence similarity and 
folding characteristics of the precursor hairpin, synteny ana- 
lysis and conservation of the mature miRNA. The source of 
every miRNA is clearly annotated on the miRNA entry page 
(Figure 1) and distributed in the flat file downloads. The miR- 
Base Sequence database does not currently contain predicted 
miRNAs that are without experimental evidence in any related 
organism. 



Genomic context 

For organisms with an assembled genome sequence we pro- 
vide coordinates of the genomic position of each miRNA 
sequence on the entry page (Figure 1 ) and also in GFF format 
on the FTP site. miRNA genes may. be located within other 
genes, both protein-coding and non-coding (17,18), and the 
context of the genomic location with respect to Ensembl genes 
is also annotated (Figure I). 35% of mammalian miRNA loci 
overlap annotated genes — over 90% of these are located in 
introns. In comparison, ~14% of worm and fly miRNAs are 
intronic. Distributed annotation system (DAS) sources provide 
easy access to miRNA genomic locations, and the data are 
available for viewing within the Ensembl (19) and UCSC 
browsers (20). 



miRBase TARGETS 

As focus shifts from miRNA gene identification to functional 
characterization, miRBase includes not only miRNA sequence 
data but also information about their genomic targets. The ■ 
function of a specific miRNA can be thought of as a product 
of the genes that it regulates. Although large-scale experi- 
mental detection of targets is currently difficult, a number 
of computational techniques exist for the prediction of 
miRNA targets in mRNA sequences (16,21-27). These meth- 
ods can be used both to predict potential targets for miRNAs 
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and for the selection of targets for experimental validation. For 
the most part, computational methods rely on first detecting 
potential binding sites (with a large degree of complementarity 
to the miRNA), followed by. filtering out those sites that do not 
appear to be conserved in multiple species. This approach 
appears to work well, at least for species that have clearly 
defined orthologs in closely related species (e.g. human, 
mouse and ratJ.^However, the conservation criterion is poor 
for those species for which we do not have closely neighbour- 
ing genome sequences. 

The miRBase Targets database uses a novel fully automated 
pipeline (which will be described in. detail elsewhere) to 
address some of these issues. All animal miRNA sequences 
from the miRBase Sequence database are scanned against 
3'-untranslated regions (3'-UTRs) predicted from all available 
species in. Ensembl (19) along with Caenorhuhditis briggsae 
and Drosophila pseudoobscura. The core algorithm assigns 

values to individual miRNA-target binding sites, multiple 
sites in a single UTR, and sites that appear to be conserved in 
multiple species based on robust statistical models (22). The 
interface connects each miRNA to a list of predicted gene 
targets. The detailed target view page (Figure 2) illustrates 
individual binding sites for one or more miRNAs and their 
target in an orthologous 3'-UTR alignment. We are in the 
process of including annotation of experimentally validated 
miRNA targets. 

The miRBase Target database is designed with two main 
aims: to make available high-quality targets in a timely man- 
ner, and to remain as inclusive as possible with respect to the 
target prediction community. To this end, we provide a core 
set of predictions that are updated concurrently with the rest of 
the miRBase system. We also intend to provide a mechanism 
for viewing and comparing third-party target predictions con- 
tributed via DAS. The core predictions are generated in-house 
using the miRanda algorithm (v3.0) (21). The strengths of 
miRanda are that it is open source, scalable and incorporates 
robust statistical models. The provision of a P-value for each 
miRNA-target assignment allows the user to assess the con- 
fidence in the prediction. In addition, the method does not 
assume that the miRNA binding sites must be conserved, 
although in .practice the most highly significant P-values 
tend to represent' miRNA-target interactions that are con- 
served across multiple species. As new insights into 
miRNA-target binding mechanisms and improved prediction 
algorithms become available, they will be integrated into the 
system to provide the highest-quality target predictions to the 
user. In parallel with the miRBase Target pipeline. miRNA 
sequence entries also provide links to third-party target pre- 
diction websites (Figure 1 ). 



AVAILABILITY 

The miRBase database is freely available to all for online 
searching at http://microrna.sanger.ac.uk/. Sequences and 
annotation are also available for download from the FTP 
site in a number of formats, including FASTA format 
sequences and relational database dumps for easy upload to 
a MySQL or other database. Queries, feedback and data sub- 
missions and revisions are welcome by email to microma® 
sanger.ac.uk. 
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Endogenous and Synthetic MicroRNAs Stimulate 
Simultaneous, Efficient, and Localized Regulation 
of Multiple Targets in Diverse Species® 3 

John Paul Alvarez, 8 * Irena Pekker, 3 Alexander Goldshmidt, 3 Eyal Blum, 3 Ziva Amsellem, 3 and Yuval Eshed 3 * 1 
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Recent studies demonstrated that pattern formation in plants involves regulation of transcription factor families by 
microRNAs (miRNAs). To explore the potency, autonomy, target range, and functional conservation of miRNA genes, a 
systematic comparison between plants ectopically expressing pre-miRNAs and plants with corresponding multiple mutant 
combinations of target genes was performed. We show that regulated expression of several Arabidopsis thaliana pre- 
miRNA genes induced a range of phenotypic alterations, the most extreme ones being a phenocopy of combined loss of 
their predicted target genes. This result indicates quantitative regulation by miRNA as a potential source for diversity in 
developmental outcomes. Remarkably, custom-made, synthetic miRNAs vectored by endogenous pre-miRNA backbones 
also produced phenocopies of multiple mutant combinations of genes that are not naturally regulated by miRNA. Arabidopsis- 
based endogenous and synthetic pre-miRNAs were also processed effectively in tomato [Solatium lycopersicum) and 
tobacco {Nicotiana tabacum). Synthetic miR-ARF targeting Auxin Response Factors 2, 3, and 4 induced dramatic trans- 
formations of abaxial tissues into adaxial ones in all three species, which could not cross graft joints. Likewise, organ- 
specific expression of miR165b that coregulates the PHABUL OSA -like adaxial identity genes induced localized abaxial 
transformations. Thus, miRNAs provide a flexible, quantitative, and autonomous platform that can be employed for reg- 
ulated expression of multiple related genes in diverse species. 



INTRODUCTION 

A major component of pattern formation in plants involves 
complex interplay between transcription factors (TFs) expressed 
in precise temporal and spatial domains and modifiers that act to 
maintain and refine their expression boundaries. TFs are usually 
expressed at low levels and guide the activity of many down- 
stream effectors. Evolutionary expansion of TF families in plants 
(Riechmann et a!., 2000) has meant that functional redundancy is 
a common theme in plant genomes. The majority of recently 
identified plant microRNAs (miRNAs) impose sequence-based 
simultaneous downregulation of developmentally important TFs 
(Llave et al., 2002a; Rhoades et a!., 2002). Indirect evidence 
suggests that plant miRNAs have the potential to act efficiently 
to eliminate or clear cells of their target gene activities (Bartel, 
2004). For instance, a large reduction in the activity of miRNA- 
regulated targets, either at the RNA or protein level, is evident 
upon ectopic miRNA expression (Aukerman and Sakai, 2003; 
Palatnik et al., 2003; Achard et al., 2004; Chen, 2004; Li et al., 
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2005; Schwab et al., 2005). Complementing these observations, 
strong dominant phenotypes are induced by target genes upon 
release of miRNA-guided regulation by mutations in their miRNA 
binding sites, and misexpression of miRNA-resistant targets with 
mutations at the miRNA binding site results in much stronger 
phenotypes than those obtained with native transcripts (re- 
viewed in Chen, 2005). However, there is also evidence for 
quantitative action of plant miRNAs in quenching, as opposed 
to clearing, of the target gene activity. Thus, miRNA-resistant 
mutants are inherited in an incompletely dominant manner and 
are still subject to some miRNA-directed cleavage (Tang et al., 
2003; Maliory et al.,~2004a), and mutations in miRNA genes can 
result in increased levels of target gene expression (Baker et al., 
2005). 

Despite molecular indications that miRNAs can be very effi- 
cient, direct phenotypic evidence derived from comparing mul- 
tiple mutant combinations with the effects of ectopic expression 
of the corresponding miRNA is limited. Unlike animal miRNAs, 
which simultaneously negatively regulate dozens of targets (Lim 
et al., 2005), plant miRNAs appear to have more limited target 
sets (Schwab et al., 2005), which are usually multiple members of 
the same gene family or even members of a single monophyletic 
clade of a larger family (Bartel and Bartel, 2003). These qualities 
can be used to facilitate the comparison of multiple mutant 
combinations with the effects of ectopic expression of the 
corresponding miRNA. In the absence of such a comparison, 
the prevailing model for high specificity and potency of plants 
miRNAs has yet to be verified. For example, in one case, ectopic 
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miR164 induced cotyledon fusion and meristem arrest, mimick- 
ing the double mutant phenotype of two out of the five NAC 
domain genes targeted by this miRNA (Aida et al., 1 997; Jones- 
Rhoades and Bartel, 2004; Laufs et al., 2004; Mallory et al., 
2004b; Baker et al., 2005). However, oyerexpression of the 
miR165/6 failed to mimic the seedling arrest and production of a 
cylindrical monocot-like radial shoot observed in multiple mu- 
tants of the five miR165/6 PHABULOSA {PHB)-\\ke targets 
(Emery et al., 2003; Li et al., 2005; Prigge et al., 2005; Williams 
et al., 2005a). The failure to recapitulate the phenotype in this 
latter case may reflect the inability of strong 35S:miR165/6 
embryos to survive after transformation. Such a proposal could 
be confirmed by more precise viability-independent expression 
of the miR1 65/6. 

Deciphering the role of TFs and their miRNA regulators in 
pattern formation can benefit greatly from spatial and temporal- 
manipulation of their activities. This way, early deleterious effects 
can" be bypassed and the autonomy of specific miRNA-induced 
perturbations examined. Such tissue-specific silencing using 
RNA interference (RNAi) has been successfully applied in plants 
(Watson et al., 2005), but RNAi has also been observed to induce 
systemic spread of gene silencing (reviewed in Voinnet, 2005). 
Notably, the common complexes involved in miRNA and short 
interfering RNA (siRNA) biogenesis and processing raises the 
possibility of a systemic component to miRNA-mediated regu- 
lation. In support of such a role, different miRNAs have been 
found in conducting phloem sap, a possible conduit for their 
systemic spread (Yoo et al., 2004). However, while unequivocal 
proof for long distance translocation of silencing signals was 
perceived through grafting experiments .between silenced and 
nonsiienced transgenic tobacco (Palauqui et al., 1997), no such 
evidence has been provided for miRNA- signals. Moreover, in 
mature Arabidopsis thaliana tissues, there is a strict overlap 
between pre miR1 71 promoter and miR1 71 activity monitored by 
a sensor construct, suggesting that this miRNA maintains strict 
spatial autonomy (Parizotto et al., 2004). 

Many plant miRNAs appear to have a long revolutionary 
history with their targets, extending back to moss and lycopods 
(Floyd and Bowman, 2004; Axtell and Bartel, 2005). The pairing 
structure of the miRNA and nearly perfect complementary 
miRNA* can be highly conserved. Though sequence conserva- 
tion also occurs outside the domain of the miRNA and its 
complement, it is the general predicted structure of the pre- 
miRNA foldback, rather than its sequence per se, that is con- 
served between the distantly related Arabidopsis and rice {Oryza 
sativa) (Reinhart et al., 2002). This raises the question whether 
pre-miRNAs retain functional conservation between distant spe- 
cies. Such conservation would involve efficient miRNA biogen- 
esis, including correct spatial recognition and processing of 
the miRNA/miRNA* from the pre-miRNA foldback structure 
(reviewed in Chen, 2005). Likewise, the coevolutionary history 
of miRNA and their targets also raises the question of whether 
unique characteristics define particular mRNAs as targets. 
Evidence from metazoans suggests that this is not the case, as 
the miRNA sequence and its complement in the foldback struc- 
ture can be substituted and target novel transcripts (Dickins et al., 
2005). Similarly, analysis in Arabidopsis demonstrated that the 
miRNA and its complement miRNA* domains of the pre miR171 



backbone could be substituted to produce a novel miRNA that 
successfully targeted green fluorescent protein (GFP) (Parizotto 
et al., 2004). However, the capability and efficacy of the manip- 
ulated pre-miRNA in targeting multiple endogenous genes not 
normally targeted by miRNA regulation has yet to be examined. 

In order to explore the extent and autonomy of downregulation 
that can be induced by miRNAs, we have chosen an experimen- 
tal platform that uses sets of target genes for which complete 
conventional mutants are also available. Furthermore, miRNA 
ectopic expression has been brought under the control of in vivo 
constitutive or tissue-specific ectopic expression of pre-miRNAs 
guided by RNA Pol II promoters. This system enabled us to 
demonstrate that miRNAs have the potential to impose full or 
partial phenocopies of multiple mutants in several independent 
assays. These observations enabled us to expand the range of 
miRNA control by custom-designed pre-miRNAs that can stim- 
ulate phenocopy of mutations in genes not naturally regulated 
in this manner. Endogenous and synthetic Arabidopsis pre- 
miRNAs were functionally conserved in tomato (Soianum /yco- 
persicum) and tobacco {Nicotiana tabacum), and tissue-specific 
miRNA misexpression produced phenotypes that are limited to 
the area of expression. Hence, these data suggest that miRNA 
activities are quantitative and, at least for distances greater than 
few cells, do not act outside of their domain of expression. 

RESULTS 

Precise Ectopic Expression of Endogenous miRNA Can 
Phenocopy Multiple Mutant Combinations 

Plant miRNAs, such as miR164, have been ectopically ex- 
pressed using the 35S promoter directly or through chemical 
induction driving the stem foldback that constitutes the pre- 
miRNA with various 5' and 3' endogenous additions (Figure 1 A; 
Guo et al., 2005). We wished to examine the ability of precise 
spatial expression of miRNA activity to effectively monitor miRNA 
potential. Transactivation of protein-encoding genes using the 
LhG4-OP system has been effective in driving strong," specific 
expression and obviating early deleterious effects of gene over- 
expression (Moore et al., 1998). To assay the capacity of this- 
system to express pre-miRNAs, genomic fragments containing 
the pre-miRNA foldback flanked by short 5' and 3' pre-miRNA 
sequences were cloned behind an OP array followed by a TATA 
box (see Supplemental Table 1 online). In the case of OP: 
miR1 64b, 'the resulting T2 lines (see Methods for selection and 
scoring of transgenic lines; summarized in Table 1) were trans- 
activated using the PHB±hG4 promoter, which is expressed in 
the developing cotyledon primordia and throughout the apical 
meristem (Figure 1C) to provide PHB^>miR164b F1s (Figure 
1 E; » denotes transactivation). Expression of miR1 64 under this 
promoter mimicked the fused cotyledon and meristem arrest 
phenotype of the cup-shaped cotyledonl (cud) and cuc2 dou- 
ble mutant, two of miR164's six targets (Figure 1D). These ob- 
servations indicate that expression of pre miR164b using the 
transactivation system can efficiently deplete cells of target gene 
activities. 

To extend these observations to other Arabidopsis miRNAs, 
we expressed OP'.miRI 65b using the promoter of one of its 
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miRI65b 
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>miRl65b#4 



5 ' UUGGGADGAAGCCOGGUCCGG 3' 
5 ' UUGGGAtfGAAGCCUGAOCCGG 3' 
3'CCCCCUACUUCGGACCAGGCU 5'| 




N p |^ 

^^^^^^ 
.4PI>^miRl65b#I9 



miR165bm6 3 ' CCCCCUACUUCGGACUAGGCU 5'| 
Figure 1. miRNAs Can Quantitatively Regulate Multiple Transcripts Simultaneously and Phenocopy Their Combined Loss of Function. 

(A) A scheme of an endogenous pre-miRNA. The red and blue fragments will be cleaved by DICER-LIKE1 (DCL1) to generate the miRNA and miRNA*, 
respectively. 

(B) A 10-d-old wild-type seedling. 

(C) The promoter of PHB drives GFP expression throughout the shoot apex in wild-type heart-stage embryos. 
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target genes, the PHB:LhG4 driver. miR165/6 target the five 
PHB-like genes that redundantly promote meristem establish- 
ment and maintenance as well as differentiation of lateral organs 
and the vasculature, phb phavoluta {phv) revoluta [rev) triple 
mutants or loss of all of the five PHB-like genes result in seedling 
arrest after the production of a cylindrical monocot-like radial 
shoot in which the apical meristem activity is abolished (Figure 
1F; Emery et al„ 2003; Prigge et al., 2005). However, previous 
overexpression studies with 35S:miR165 resulted in variable 
seedling phenotypes in which the most extreme plants had small 
leaves with some polarity defects (Li et al., 2005). By contrast, 
PHB^>miR165b plants gave rise to radial seedlings, phenocopy : 
tng the multiple mutant combination. (Figure 1G). These. results 
illustrate that specific miRNA expression can abolish target gene 
activity and demonstrate the potential potency of precise pre- 
miRNA misexpression as a vehicle for simultaneous downregu- 
lation of multiple members of the same gene family. 

35S-Driven miRNAs Can Faithfully Mimic 
Loss -of- Function Phenotypes 

It is likely that the inefficiency of 35S:miR 1 65a in producing a 
phenocopy of the PHB-like genes reduction is due to their spatial 
expression in early stage embryos and their importance in 
embryogenesis. Auxin Response Factors (ARF6) and ARF8 are 
the only predicted targets of miR167, and ariS arfB double 
mutants are.viable, late flowering, have dark green leaves, and 
^exhibit- unexpanded. 2nd and 3rd whorl floral organs (Nagpal 
et al., 2005). To assay whether the 35S promoter can effectively 
.drive" a miRNA- mediated reduction in these genes, we assayed 
'35S:pre miRJ67a transformants. Out of 20 independent T1 
. plants.-ejght -had a- similar phenotype to that reported for arf6 
arf8 double .mutants both vegetatively and in flowers, while the 
r0ffiainder.:ha'd. ; a range of weaker phenotypes (Figure 1H, Table 
-^additional features than described for the double mutants 
-. were noticed. Thus, depending on the miRNA and its targets, 
elevated ectopic miRNA expression by the constitutive 35S 
-promoter can specifically reduce multiple target gene activities 
to levels that parallel that of multiple loss-of-function mutants. . 



Precise Expression of miRNAs Can Reveal Novel 
Mutation Patterns 

Embryonic expression of either miR164 or miR165 resulted 
in a seedling phenocopy of multiple mutants in the correspond- 
ing target genes. While cue 1 cuc2 seedlings can be rescued 
using tissue culture, phb phv rev or plants mutant for all five 
PHB-like mutant genes do not develop beyond the seedling 
stage. Because the CUC-like and PHB-like genes are active 
throughout plant development, the use of tissue-specific miRNA 
expression could reveal functions of these genes later in plant 
development. To examine the utility , of this approach, trans- 
activation of selected strong OP:miR164b and OP\miR165b lines 
was performed using the promoter of the flower meristem gene 
APETALA1 (AP7). 

As shown in Figures 11 and 1J, the expression mediated by 
API promoter " initiates transcript accumulation throughout 
young floral meristems. In AP1^>rriiR164b plants, the sepals 
are completely fused, petals are absent, and stamens exhibit 
fusion to each other and the gynoecium (cf. Figures 1 L and 1 K). 
This phenotype is similar, albeit more severe than that observed 
in cue 1 cuc2 flowers generated through tissue culture (Aida et al. , 
1997). In AP1^>miR165b plants, only radial filamentous struc- 
tures were observed in the place of flowers, consistent with the 
miR165 effectively eliminating flower meristem function (Figure. 
1M). These findings are consistent with the observed seedling 
phenotypes, indicating that the PHB-like genes are. essential for 
embryo and flower meristem maintenance. These observations 
demonstrate that the transactivation system can be effectively 
used in conjunction with miRNA-mediated loss of gene activity in 
specific cells at any stage of the plant's life cycle. 

Low Levels of miRNA Expression or High Levels of 
Inefficient miRNA Suggest That Plant miRNAs Can 
Act in a Quantitative Fashion 

Tissue-specific transactivation of pre-miRNAs identified lines 
producing a loss-of-function phenocopy but also .uncovered 
OP:miRNA lines that induced mild phenotypes (Table i). For 



Figure 1 . (continued). 

(D) Arabidopsis'cucl cuc2 double mutant seedlings. • 

(E) F1 seedlings of OP:miR164b transactivated by PHB:LhG4. 

(F) A monocot-like phv phb rev triple mutant seedling. 

(G) A monocot-like PHB^>miR165b seedling of comparable age. 

(H) Whole shoot and flower (inset) of 35S:miR167a plant next to same age wild type display identical alterations found in arf6 ariB double mutants (cf. 
with Nagpal et al., 2005). 

(I) Scanning electron micrograph of wild-type flowering apex. 

(J) a cross section through API s>HP-GFP flowering apex with expression throughout emerging flower meristems. 
(K) Wild-type flower. 

(L) Fused sepals and absent petals in AP1^>miR164b flower. 

(M) Flowering apex and filamentous flowers (inset) of strong AP1^>miR165b plant. 

(N) Normal sepals, radial petals, distorted stamens, and multiple carpels in a weak AP1^>miR165b flower. 

(O) Sequence alignment of the wild type and phv-1d mutant with corresponding miR165b and miR165bm6. 

(P) Seedling expressing ANT^miRl 65b#4 results in radialized cotyledons and aborted meristem. 

(Q) and (R) Adaxial surface of wild-type (Q) and ANT »m/'fl7 65bm6 (R) leaves. Note the adaxial outgrowths of the transgenic leaf (arrow). 

(S) Normal sepals, distorted stamens, and multiple carpels in a strong ANT 2>miR165bm6 flower. 

FM, flower meristem; IM, inflorescence meristem; P, petal. Bars = 3 mm in (B), (F), and (G) and 20 in (C), (I), and (J). 
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Table 1. Endogenous and Synthetic miRNAs Examined in This Study 



miRNA and 

Its Pre-miRNA Transgenes and 

Backbone Recipient Species 0 Target Genes 



Frequency and Range of 
Phenotypic Responses in 
Target Gene Function and independent Lines 

Loss-of-Function Mutant 

Description Strong Intermediate Weak 



miRl64/pre 
miR164b 



miR165/pre 
miR165b 



miRl65/pre 

miR165a 
miRl66/pre 

miR166g 
miR165m6/pre 

miR"J65b 
miR167/pre 

miR167a 



miR-ARF/pre 
miR164b 



miR-NGA/pre 
miR164a 



miR-NGA/pre 
miR164b-- 



Arabidopsis 
OP:miR164b b 



tomato 
OP:miR164b c 
Arabidopsis 
OP:miR165b* 



tomato 

OP:miR165b c 

Arabidopsis 

OP:miR165a b ' 

Arabidopsis 

OP:miR166g b ' 

Arabidopsis 

OP:miR165m6 c 

Arabidopsis 

35S:miR167a* ■ 



Arabidopsis 
35S:miR-ARF x > 

tomato 

35S:miR-ARF c 

tobacco : " „ 

35S:miR-ARF : : 

Arabidopsis 

35S:miR-NGAa b 

OP\miR-NGAa b 

tomato 

35S:miR-NGA c 

Arabidopsis ■ 
-35S:miR'NGAbP~ 



NAC domain TFs 
CUC1, CUC2, A/AC 7, 

At5g07680, At5g61430, 

At5g39610 

Tomato NACs 
PHB-like class 111 
HD-2IP TFs 
PHV, CNA, REV, 
ATHB8, PHB 

Tomato PHB-like 
As for miR165b 

As for miR165b^ 



Embryonic meristem establishment, 
organ separation, and lateral root 
outgrowth (Figure 1D) 



Meristem establishment and 
maintenance, adaxial differentiation 
of lateral organs, and vasculature 
patterning (Figure 1 F) 



As for miR165b 



10 



As for miRl65b 



As for miR165b but with reduced As for miR165b 
homology toits targets 
, ARF TFs . _ . u 
ARF6, ARF8 ' 



- ARF TFs 
ARF2, ARF3/ETT, 
-ARF4 ■ 



B3 domain TFs ■.« 
\NGA1, NGA2, NGA3,.NGA4 

Weak homology with 
. - NGA-//*e/BI934304 - 
" and BI934637 - 
As for miR-NGAa- ~ - ... 



Promotion of flowering and 
JA-mediated 
flower organ maturation 
(Nagpal'et al., 2005)- .. 
Abaxial differentiation of lateral organs, 
vascular development, flowering, 
and cell growth (Figure 2D) 



Lateral organ growth 
(Figures 3E and 3H) 



23 



17 



16 



8 
8 

3 
2 
3 
1 

10 



As for miR-NGAa 



Frequent silencing was observed in subsequent generations for the lines marked with asterisks. 

a The 10OP:miRNA lines were examined upon transactivation with a promoter LhG4 driver. Combinations with specific promoters are described in the 
text. The 35S:miRNA lines were scored directly as T1s and showed consistent phenotypes upon cross with the wild type. 
b Phenotype relative to loss-of-function phenocopy (close resemblance is strong). 

c Phenotype scoring is relative to other transgenic lines carrying the same construct because corresponding mutants are not available. 



example, when a weak OP:miR165b line was transactivated with 
the AP1±hG4 promoter, the growth of the petals and stamens 
was markedly affected and additional carpels were formed 
(Figure 1N). Associations between phenotype strength and tran- 
scription levels have been shown previously for ectopic miR164 
and miR166g expression (Laufs et al., 2004; Williams et al., 
2005a). Likewise, assaying both the weak and strong OP: 
miR165b lines with the same promoters revealed consistent 
phenotype strengths restricted to the promoter's expression 



domain. These observations imply that when expressed in a 
discrete group of cells,. miR1 65 can act in a quantitative fashion. 

We hypothesized that quantitative action of miRNA may 
also be achieved by the generation of miRNA with lower homol- 
ogy. This was based on the observation that mRNA of the 
dominant phv-1d miRNA-resistant mutation was still cleaved 
(our unpublished data; Tang et al., 2003). The phv-ld molecular 
lesion is a G-to-A transition in the miR165/6 target region 
opposite position 6 from the 5' end of the miR165/6 (Figure 
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1 0). We created a theoretically less-efficient version of miR1 65b. 
Thus, miR165bm6 (C-to-U substitution in position 6 of the 
miR165b) mimics the corresponding position of the phv-1d 
mutation in the miRNA rather than in the target. The efficacy of 
the modified miRNA was demonstrated by its ability to restore 
wild-type morphology to thephvMd mutant plants (see Supple- 
mental Figure 1 online). The AINTEGUMENTA±hG4 (A/V7) pro- 
moter is expressed in the primordia of all above-ground organs. 
ANT>miR165b plants exhibited a strong phenotype of radial- 
ized cotyledons and an aborted apical meristem (Figure 1 P). By 
contrast, ANT^>miR165m6 plants had a weak; abaxialized phe- 
notype, consistent with inefficient miR165bm6 action. The ad- 
axial surface of the leaves developed localized outgrowths (no 
effect was observed on the abaxial leaf surface), while in the 
flowers, the stamens locules were reversed and the gynoecium, 
like that of weak AP1^>miR165b lines, had additional carpels 
(Figures 1Q to 1S). A similar floral phenotype was observed of 
AP1^>miR165m6 plants (see Supplemental Figure 1 online). The 
mild abaxialized phenotype of OP\miR165bm6 plants and that of 
the weak OP:miR165b lines argues that miRNAs can act in a 
quantitative fashion depending on the pairing quality and quan- 
tity of the miRNA with respect to its target mRNAs. 

General Strategy for Developing Synthetic miRNA on the 
Backbone of Native miRNA 

Ectopic expression of endogenous pre-miRNAs allowed con- 
trolled downregulation of multiple coregulated miRNA targets. 
This prompted us to explore the possibility to design synthetic 
miRNA that will target genes not normally regulated by miRNA. 
We used the pre miR164b backbone as a template to approach 
"these questions based on the consistency and efficacy of 
m:R164b in the overexpression analysis. In addition, this back- 
bone contains a bulge at position 4 of the conceptualized Dicer- 
" generated miRNA/mtRNA* duplex in the desired miRNA strand 
(marked red in Figure 2B). Asymmetric instability in this hybrid is 
believed to help differentiate between the miRNA and miRNA* 
in the RNA-induced silencing complex (RISC) (Schwarz et al., 
2003), thus theoretically helping define the miRNA (upper strand 
ih-pre-miRNA, Figure 2B) irrespective of the sequence intro- 
duced. As initial gene targets for synthetic miRNA regulation, we 
selected the abaxial promoting ARF3 and ARF4 along with 
ARF2, for which respective mutations have been described (Li 
et al., 2004; Pekker et al., 2005; Okushima et ai., 2005b; Schruff 
et a!., 2006). Importantly, these ARFs contain common, con- 
served sequences, which are the basis for negative coregulation 
by evolutionary conserved transacting siRNAs (ta-siRNAs), 
siR2141 and siR2142 (Allen et al., 2005; Williams et al., 2005b). 
The target sequences of these ta-siRNAs (two sites in ARF31 
ETTIN [ETJ] and ARF4 and one in ARF2) are conserved in 
Arabidopsis, tomato, and monocotyledonous plants and sug- 
gest that ARF2 may have overlapping functions with ARF3/ETT 
and ARF4 (Figure 2A; Pekker et al., 2005; Williams et aL, 2005b). 
Exploiting this, we designed a miRNA that should directly target 
these three ARFs and ensured that it began with U, like most 
plant miRNAs. As shown in the bottom line of Figure 2B,. 
mismatches were introduced into the miRNA complementary 
sequence to mimic the predicted stem of the miR1 64b precursor, 



assuming that bulges in the miR164 backbone contain essential 
recognition and processing information. The miR-ARF2/3/4 
(hereafter referred to as miR-ARF) was integrated into the pre 
miR164b backbone by direct gene synthesis (Figure 2B, right 
panel), and the resulting pre miR-ARF was cloned behind the 35S 
or OP promoter. 

Synthetic miRNA Efficiently Regulates ARF2, 3, and 4, 
Which Are Naturally Regulated by Transacting siRNAs 

Arabidopsis ett/arf3 plants are characterized by a loss of abaxial 
identity in the gynoecium, while in ett/arf3 arf4 double mutants, 
all lateral organs exhibit reduced abaxial identity and outgrowths 
on the abaxial surface of their leaves (Figure 2C; Pekker et a!., 
2005). Triple ett/arf3 arf4 ar12 mutants are unavailable due to the 
tight genetic linkage between arf4 and arf2 (Okushima et al., 
2005a). Strikingly, all 35S:miR-ARF Arabidopsis transformants 
exhibited phenotypes consistent with an effective targeting of 
the three ARF genes. Plants with a strong phenotype resembled 
ett/arf3' arf4 double mutants but had more outgrowths on the 
abaxial leaf surface (Figures 2C to 2E, Table 1) as well" as an 
increased floral organ number and frequently radialized stamens 
(Figures 2F to 2H). Similar to arf2 single mutants, these 35S.miR- 
ARF plants were also late flowering (Ellis et al., 2005';. Okushima 
et al., 2005b). . . 

A Synthetic miRNA Born on a Stem-Loop Precursor 
Efficiently Guides RISC Complexes 

We isolated RNA from plants of a 35S:miR-ARF line with a strong 
phenotype and verified by RNA gel blot analysis that miR-ARF 
was efficiently processed from its precursor by identifying its 
21-nucleotide miRNA, which was comparable in size.with the 
endogenous miR164 (Figure 21). After processing, miRNAs enter 
the RISC complex and guide cleavage of their target transcripts, 
inducing their degradation and/or interference with translation 
(Llave et al., 2002b; Aukerman and Sakai, 2003; Chen, 2004). To 
examine the mode of action of the synthetic miRNA, we assayed 
the relative abundance of the full-length ARF transcripts using 
RNA gel blot analysis. For all three, a significant but incomplete, 
reduction in RNA levels was; obs^rvWdJin 35S:pre miR-ARF' 
Arabidopsis plants (Figure 2J). 

Cleavage of the three ARF genes by the synthetic miR-ARF 
was investigated using 5' RNA ligase-mediated rapid amplifica- 
tion of cDNA ends (RLM-RACE) analysis (Kasschau et aL, 2003). 
Endogenous ta-siRNA-directed cleavage (siR21 41 and siR21 42) 
of ARF transcripts has been shown in Arabidopsis (Allen et al., 
2005; Williams et al., 2005b). However, a much greater abun- 
dance of cleaved products of all three ARF genes was observed 
in 35S:miR-ARF plants than in wild-type Arabidopsis (Figure 2K; 
see Supplemental Figure 2 online). In wild-type plants, we could 
detect products at relatively low amounts from the ta-siRNA- 
mediated cleavage at both ARF3/ARF4 A and ARF3/ARF4 B 
sites using primers downstream of the B site (primer b, Figure 
2K). For 35S:miR-ARF plants, we managed to detect only B-site 
cleavage products with primer B, but using a different primer 
(primer a between the A and B sites for ARF4) t we amplified 
abundant products from cleavage at site A (Figure 2K). In the 
35S:miR-ARF plants, sequence analysis demonstrated that 
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target sequence 
At ta-siR2141 ■ 
At ta-siR2142 
miR-ARF 



ARF2.ARF3/ETT site A 
ARF4 site B 
5 ' AGGGUCUUGCAAGGUCAAGAA 3 ' 
3 ' UUCCGGAAUGUUCCAGUUCUU 5 ' 
3 ' CCCCAGAAUGUUCCAGUUCUU 5 ' 
3 ' UUCCAGAACGUUCCAGUUCUU 5 ' 



ARF3/ETT site B 
ARF4 site A 
5 ' AAGGUCUUGCAAGGUCAAGAA 3 ' 
3 ' UUCCGGAAUGUUCCAGUUCUU 5 ' 
3 ' CCCCAGAAUGUUCCAGUUCUU 5 ' 
3 ' UUCCAGAACGUUCCAGUUCUU 5 ' 



B 



pre miR!64b 



pre miR-ARF 



S- 10 20 JO «0 

I IS ZK z*aa A 
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D U G C - 0 
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3' 
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Figure 2. Custom-Designed Synthetic miRNAs Efficiently Regulate ta-siRNA Targets. 
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cleavage in the target mRNA occurred consistently between 
nucleotides 1 0 and 11 at miR-ARF complementary sites (marked 
in Figure 2L), while much more dispersed cleavage products 
were amplified from the wild type (see Supplemental Figure 2 
online; Allen et al., 2005). We therefore conclude that miRNAs 
generated by a stem-loop precursor guide the RISC complexes 
more specifically than ta-siRNA-mediated cleavage. 

Synthetic miRNA Efficiently Regulates the NGATHA 
Multigene Family Not Normally Associated with 
RISC-Mediated Control 

To develop the use of synthetic miRNA beyond gene families that 
are normally regulated by various RISC-based small RNA regu- 
lation, we next targeted the NGATHA (NGA) genes for which 
there is no evidence of this form of regulation. 
- - The'NGA clade-isrcomposed of four genes (NGA1-4)\ all are 
closely related to the RAV-like proteins in the structure of the B3- 
DNA binding domain but do not have an AP2 domain (Figure 3A). 
Like err mutations, mutants in ngal phehotypically enhance the 
kanadil mutant phenotype in the gynoecium (Bowman et al., 
2002; ngal was renamed from howard). We identified NGA1 and 
found that all four NGA genes redundantly regulate iateral organ 
growth (as will be described elsewhere). However, only minor 
morphological alterations are apparent in any of the single gene 
mutants. A single consensus stretch of 21 nucleotides within the 
B3 domain was identified' that could -constitute a common 
synthetic miRNA target site in the four NGA-like genes of 
■ Arabidopsis (Figure 3B).'This 21 -nucleotide sequence fulfilled 
the available criteria of allowable mismatches in number and 
position as well as low free energy characterizing endogenous 
plant miRNAs (Figure 3B; Allervet al, 2005;.Schwab et al., 2005). 
The 21 -nucleotide specificity was confirmed in the genome via 
BLAST search and was modified'to begin with a U like most.plant 
miRNAs. The designed 21 nucleotides were introduced into the 
miR164a and miR164b backbones to generate miR-NGAa and 
miR-NGAb, respectively (Figure 3C), . - ' 



nga7 nga2 nga3 nga4 quadruple mutant plants have shorter 
and wider leaves than the wild type, sepals and petals are broad, 
and petals are slightly green-yellow. Style development is se- 
verely impaired, with disruptions in the coordinated growth that 
normally seal the two-carpel gynoecium. Consequently, the 
gynoecium remains distally unfused, with distinctive projections 
emanating from the top of the valves (cf. Figures 3E and 3H with 
3D and 3G). Remarkably, plants of 35S:miR-NGAa and 35S:miR- 
NGAb showed phenotypic alterations approaching that of the 
nga7 nga2 nga3 nga4 quadruple mutant plants (Figures 3F to 31, 
Table 1). These results show that miRNA-dependent control can 
be extended to other multigene families. 

NGA RNA Analysis Detects Cleavage Products and 
Differential Reduction of NGA RNA 

We asked whether the molecular processing of -NGA- RNA-by— 
miR-NGA is similar to RISC-mediated processes. An. RNA ge! 
blot- from RNA extracted from plants of a line with a strong 
phenotype confirmed the presence .of, the 2:1 -nucleotide syn- ■ 
thetic miR-NGA, and RLM-RACE analysis identified miRNA- 
directed.cleavage products (Figures 3K and 3L). No evidence of. 
.NGA-like cleavage products was observed in RNA from wild- 
type inflorescences. Notably, the predomhant'cleayage position, 
as determined by direct sequencing of the RLM- RAGE- products 
was identical in all four NGA genes and was'comparable to a 
common cleavage site for ehdogenbus'miRNAs (including that of. 
miR-164b) occurringbetween positions opposing 10 and 1 1 5' of 
the miR-NGA (as marked in Figure 3B). However/though RNA 
levels of NGA 1 wer.e;redu£ed in 35S:miRrNGAa plant inflores- 
cences, very mild' reduction in the levels of NGA3 was, detected 
(Figure 3M). This could be due to attenuation. of protein transla- 
tion or a transcriptional autofeedback loop. ■ 

We next asked whether miR-NGA could ameliorate the phe- 
notype produced-by overexpression. of >the NGAL gene. The 
CAB3±hG4 (chlorophyll alb binding promoter) .line drives ex- 
pression throughout photosynthetic tissues, and CAB3^>NGA1 



Figure 2. (continued). 

(A) Sequence alignment of the ta-siRNA binding sites in Arabidopsis ARF2, ARF3, and ARF4, the endogenous ta-siRNAs, and a designed miR-ARF 
sequence with better homology to all target sites. The A and B sites are designated according to Allen et al. (2005). Mismatches are marked red and G-U 
wobbles cyan. 

(B) Predicted folding and dicing of the pre miR164b backbone before (left) and after (right) replacement of miR164 with the miR-ARF sequence. 

(C) Abaxial side of wild-type (a), erf- 7 arf4-l (b), and 35S:miR-ARF (c) leaves. 

(D) Bolting shoot of erf- 7 arf4-1 plant. 

(E) Bolting shoot of 35S:miR-ARF plant. 

(F) to (H) Flowers of wild-type (F), eff-7 arf4-1 (G), and 35S:miR-ARF plants (H). Note the gradual increase in the number of sepals, stamen radialization, 
and decrease in petal width, sp, sepal; p, petal; st, stamen. 

(I) Detection of miR-ARF and miR164 in wild-type and 35S:miR-ARF plants by RNA gel blot analysis. Both miRNAs are the same -21 nucleotides. . 
(J) Reduced levels of full-length transcripts of the three ARF genes in 35S:miR-ARF plants. 

(K) A scheme of ARF4 cDN A with primers used for RLM-RACE detection. Gel images showing RLM-RACE-detected wild-type and 35S:miR-ARF {miR- 
ARF) cleavage products at sites A and B detected using either primer a or b, where A is the expected gel position for a product cleaved at site A, and B is 
the expected get position of product cleaved at site B: In 35S:miR-ARF, amplification products are more prevalent relative to the wild type. In addition, 
amplification of a product cleaved at site A could only be obtained with the a primer (gels for PCR products of ARF2 and ARF3 cleavage analysis are 
shown in Supplemental Figure 2 online). 

(L) Summary of cleavage analysis by direct sequencing of RLM-RACE products (see Supplemental Figure 2 for details) and product cloning of the three. 
ARF genes. Cleavage analysis for 35S:miR-ARF plants is shown, and the dispersed cleavage products of the wild type are shown in Supplemental 
Figure 2 online and in Allen et al. (2005). DS, direct sequencing. 
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Figure 3. Custom-Designed Synthetic mIRNA Efficiently and Specifically Codownregulate Non-Native Small RNA Targets. 
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plants are dwarfed with small leaves (Figure 3J). However, in 
plants where both NGA1 and miR-NGA were cotransactivated 
by CAB3:LhG4 (CAB3>NGA1 and miR-NGAa, Figure 3J), plant 
stature and leaf growth resembled that of CAB3^>miR~NGAa 
plants (a near wild-type phenotype; data not shown), indicating 
that the levels of NGA protein from NGA gene overexpression 
were efficiently reduced by miR-NGA. 

Thus, custom-designed miRNAs that follow a few basic rules 
of pairing are capable of simultaneously and efficiently down- 
regulating multiple transcripts that are not naturally regulated by 
small RNAs and Induce morphological changes that match 
computer predictions for target specificity. 

Arabidopsis Pre-miRNAs Can Effectively Regulate 
Cross-Species Targets 

To" investigate 'the -functional conservation of Arabidopsis pre- 
miRNA processing in distantly related species, we first intro- 
duced OP:miR164b into tomato, a distantly related plant species 
that shows conserved miR164 targets (N. Ori, personal commu- 
nication). The progenies of two selected 35Ss>miR164b lines 
had fused cotyledons (Figure 4A), a similar' phenotype to the 
petunia (Petunia hybrida) no apical meristem mutant (Souer et ai., 
1996). Thus, misexpression of pre miR 164b resulted in uniform, 
heritable, and stable lines capable of simultaneous downregu- 
lation of multiple members of the same gene family both in 
Arabidopsis and in tomato. We also expressed the OP:miR165b 
in tomato plants whose homologous target genes are also 
conserved (our analysis) to explore whether this functional con- 
servation of pre-miRNAs in other species is a general phenom-' 
enon. The At FILAMENTOUS FLOWER (F/L) promoter drives 
expression throughout tomato leaf primordia. before becoming 
abaxially restricted (Lifschitz et al., 2006). FIL^miRi65b plants 
had abaxialized, filamentous leaves 'consistent with miR165b 
function in downreguiating the adaxial-promdting PHB-like 
genes in tomato (Figures 4B and. 4C). The abaxial nature of the 
filamentous leaves was evident by the prevalence of long linear 
trichomes and the absence- of .-short-.g [lobular., opes, a typical 
composition of abaxial leaf epjdermisjReinhardt et al., 2005). 

Subsequently, we tested .whether.'.the. synthetic pre miR-ARF 
would also function in other species. 35S:miR-ARF tobacco. and 



tomato transformants exhibited phenotypes consistent with the 
specific transformations of abaxial cell types into adaxial ones 
observed in 35S:miR-ARF Arabidopsis plants. The leaves of 35S: 
miR-ARF tomato plants had small, misshapen, up-curled leaflets 
that were darker green and developed outgrowths on their abaxial 
surface (Figure 4D). The inflorescence structure approximated that 
of the wild type, but in the flowers, the number of sepals was 
increased, sepals and petals were narrower and shorter, and white 
rather than green carpels were topped by thick, green style/ 
stigmatic tissue (Figures 4E to 4H). Such redistribution of gynoe- 
cium cell types is similar to single mutations in ett/arf3 in Arabidop- 
sis, where style tissues are expanded basally (Figures 4L and 4M). 

Similarly, 35S:miR-ARF tobacco lines had small, up-curling 
leaves that, in more severe lines, developed outgrowths on the 
abaxial leaf surface (Figure 41). Flowering was delayed, and when 
it finally occurred in severe lines, the corolla remained largely 
green. Strikingly, very pronounced abaxial outgrowths -devel- 
oped around the entire corolla circumference, mostly in its distal . 
third (Figure 4J). However, even in the most severe lines, the 
adaxial (inner) side of the.corolla surface was unchanged. As in 
tomato, the gynoecia had basally expanded green stigma (Figure 
4K). These results confirm and extend previous suggestions on 
the central role of the three ARFs in promotion of abaxial identity 
- in all lateral organs in Arabidopsis and allow expansion of this role 
to the remotely related Solanaceae. 

To associate the 35S:miR-ARF phenotype of: tomato and 
tobacco with miR-ARF activity, 5' .RLM-RACE was' used. As 
with Arabidopsis i* tomato ARF3/ETT has- two presumptive ta- 
siRNA target sites and, thus, two miR-ARF target sites (Figure 
5A), - In 35S:miR-ARF tomato plants,- we" detected^much-. higher 
Jevels of cleavage.at.both A:and;B sites than 'in wild-typetomato 
plants (Figure 5B). Notably,-the- predominant cleavage position 
within the target site waashifted one nJcfeotide 3 V relative to that' 
observed in Arabidopsis' (Figure/SC)!' These observations sug- 
gest that the pre m/f?-AftF.is'functipnaily conseryed ip. tomato. In 
tobacco, we only tested miR-ARF "activity at the-A site, of the 
ARF3/ETT homolog by cleavage, analysis. However, the level of 
cleaved transcript" detected was._agairY greater tbahih'at ob- 
served in wild-type tobacco/plants and occurred predominantly 
at the same position within" the tar^dojnai^ 
.in tomato (Figures 5B and 5C). 



Figure 3. (continued). 

(A) A phylogenetic tree of the NGA-like proteins and their closest Arabidopsis homologs. Tree was constructed with the —120 amino acids that 
constitute the B3 domain as shown in Supplemental Figure 3 online. ETT was included as an outgroup, and numbers represent bootstrap percentage 
from 1000 trials. 

(B) A general scheme of NGA1/2/3/4 transcripts, outlining the position of a consensus sequence aligned. A synthetic miRNA has 0 to 2 mismatches with 
all four, and its conceptual dicing from pre miR164b backbone is illustrated. The arrow above pileup denotes cleavage point as described below.. 

(C) Predicted folding and dicing of the pre miR164a backbone before (left) and after (right) replacement of miR164 with the miR-NGA sequence. 

(D) to (F) Young seedling of wild-type (D), nga1-1 nga2-1 nga3-1 nga4-1 quadruple mutant (E), and 35S:miR-NGAa (F) plants. Note the angular leaf 
blade of the mutants compared with the round leaf blade of the wild type, cd, cotyledons. 

(G) to (1) Inflorescence and pre-anthesis flower (insets) of wild-type (G), nga7-7 nga2-1 nga3-1 nga4-i quadruple mutant (H), and 35S:miR~NGAa (I) 
plants. Note the broad yellowish petals and the protruding distal portion of the unfused gynoecium (gy). 

(J) Cotransactivation of NGA1 and miR-NGAa by CAB3 promoter eliminates dwarfism induced by ectopic NGA1 with the same promoter line (inset). 
(K) Detection of miR-NGA in wild-type and 35S:miR-NGAa plants by RNA gel blot analysis. 

(L) RLM-RACE detection of cleaved products of the four NGA-like transcripts in 35S:miR-NGAa (miR-NGA) plants but not wild-type plants. 
(M) RNA gel blot analysis reveals differential reduction in RNA levels of NGA1 and NGA3 in wild-type and 35$:miR-NGAa plants. 
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Figure 4. Arabidopsis PrermiRNA Backbones Induce Homologous Mutant Phenotypes Heterologously. 

(A) Wild^fype and FT tomato seedlings of OPimiR164b transactiyated by 35S:LhG4. The top and bottom insets are close-ups of the upper portion of the 

!(B) and (C) Upper part.of wijd-type (B) and FIL^>miR1 65b (C) tomato shoots. Leaves in (C) are short and radial, and floral organs are narrow. I, leaf; f, 
flower; rl, radialized leaf. 

(6) Abaxial side of wild-type -and 35S:miR-ARF leaves. A close-up of 35S-/niR-ARF leaf at the right illustrates the abaxial -specific outgrowths found 
along the veins: ' :-~ r:T . •• . -• " 

:{E) to (H) Flowers ([E] and [F]) and carpels ([G] and [H]) of wild-type ([E] and [G]) and 35S:miR-ARF ([F] and [H]) tomato : plants. Note the thin sepals and 

-petals.jtfie: short-style, "and the thickened .green : stigma_of. trje.'transformant. st, style; sg , stigma. . _ . .. . ' •"- '' : - 

(I) to (K) Comparison of leaves (I), flowers' (J), and carpels (K) of wild-type (left) and 35S:miR-ARF tobacco plants. Gradual effects from weak to strong 
(right) are notable in independent T1 plants. As in tomato, abaxial leaf outgrowths are evident along the veins. Corolla outgrowths are externa! (abaxial) 
only. 

(L) and (M) Gynoecium of wild-type (L) and err- 7 (M) Arabidopsis plants. As in tomato and tobacco, stigmatic tissue in the mutant is expanded basally 
while style length is reduced. 



Use of the 35S:miR-NGAa construct in tomato resulted in a 
fruit phenotype, and mIR-NGA-mediated cleavage in the tomato 
NGA-like transcripts (A/G/W/7ce/BI934304 and BI934637) was 
detected, albeit at low levels (see Supplemental Figure 3 online). 
In this case, it is likely that mismatches in the critical 5' region 
of the miR-NGA relative to the target mRNAs obviate efficient 
miRNA regulation. 

Cell-Autonomous Effects of miRNA Expression 

It has been suggested that miRNA activities might not be cell- 
autonomous (e.g., short-range movement of miR166 was sug- 



gested to account for restriction of the PHB-like activities from 
the abaxial side of emerging organ primordial) (Juarez et al M 
2004; Kidner and Martienssen, 2004). The potency of miRNA 
target regulation and its efficacy across species allowed exam- 
ination of cell autonomy by the different criteria of tissue spec- 
ificity and gross systemic spread. To examine the autonomy 
of miRNA action, we specifically expressed pre miR166g, pre 
miR165a, orpre mt'R165b in the 2nd and 3rd whorl floral organ 
primordia of Arabidopsis using an AP3 driver line (AP3±hG4; 
Figure 6A, Table 1). As expected, in AP3»m/'R 165/6 plants, pet- 
als and stamens became completely radialized, a typical mor- 
phology for organs lacking abaxial/adaxial asymmetry (Figure 6C). 
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Figure 5. Induction of Solanaceae Target Cleavage by Arabidopsis- 
Based Synthetic Pre-miRNAs. 

(A) Sequence alignment of tomato ARF2/3/4, tobacco ETT/ARF3, and 
miR-ARF. The nucleotides. not in gray are predicted wobbles. 

(B) Gel images, showing RLM-RACE detection of tomato and tobacco 
ARF3 cleavage products from wild-type and 35S:miR-ARF [miR-ARF) 
plants. Primer position follows the ARF4 design in Figure 2K. Cleavage 
products at sites A and B were detected using either primer a or b, where 
A is the expected gel position for a product cleaved at site A, and B is the 
expected gel position of product cleaved at site B. 

(C) Cleavage point mapping of tomato and tobacco ARF3. Arrows mark 
cleavage sites in sequenced, cloned products, where arrow size corre- 
sponds with frequency of clones obtained (also given). Arrows above 
each sequence are for clones obtained from the wild type, and those 
below are from 35S:miR-ARF plants. The number of clones matching the 
predicted target region out of total number of sequenced clones is 
shown in parentheses. 

In the upper part of the stamens, guard cells that are typically 
restricted to the abaxial connective tissue were present all 
around (Figure 6D). In contrast with the 2nd and 3rd whorl 
organs, normal gynoecia were formed (Figure 6C), suggesting, 
autonomous restriction imposed on miR1 65/6 activity or, alter- 
natively, insensitivity of the gynoecium. Thus, we expressed pre 



miR165b by the gynoecium-specific promoter of CRABS CLAW 
(CRC) that drives expression throughout the gynoecium valve 
anlagen before becoming abaxially restricted (Figure 6B). In 
CRC^>miR165b plants, a thin gynoecium was formed, without 
adaxial placenta and ovules, while the stamens and petals were 
unaffected (Figure 6E). Thus, expression of pre miR165/6 in cells 
of organ primordia bordering other primordia provided no evi- 
dence for expanded miRNA activity. 

• The striking phenotype of tomato and tobacco plants express- 
ing 35S\pre miR-ARF provided an opportunity to phenotypically 
assay for systemic translocation of this miRNA. In six out of six 
reciprocal grafts between strong 35S:miR-ARF and wild-type 
tomato, both rootstock and scion maintained autonomous mor- 
phology over 6 months (Figure 6F). Likewise,, the dramatic 
' morphological effects of ectopic miR-ARF expression did not 
cross graft barriers in two out of two reciprocal tobacco grafts 
between 35S:miR-ARF and the wild type, even though jg raft- - 
union supported viable scions for over 6 months (Figures 6G to 
6l). As long-range movement often follows source to .sink flow, 
we repeatedly defoliated the wild-type shoots after complete- 
graft union was obtained in both tomato and tobacco (arrows in. 
Figures 6F. and 6G). After 2 months of such repeated defoliation, 
all new emerging leaves and subsequently floral primordia had a- 
wild-type appearance. Thus, "using morphological criteria, no 
support for short or long-range translocation of miRNA-induced . 
alterations was observed.- 

DISCUSSION 

Pattern formation of plant organs oiften.inyolves regulation of TF ] 
families by miRNAs; in this study, v we: have systematically dem- 
onstrated that miRNA can.simultaneously quench the activity of- 
their multiple predicted TF targets to levels matched by conven- 
tional" loss-of -function •mutations.. However, no morphological " 
alterations beyond- the • computational predictions for target 
specificity were encountered, suggesting very limited and pre- . 
cise targeting. The efficient silencing potential was not restricted 
to genes naturally regulated by small RNAs, and Arabidopsis pre- 
miRNA backbones -were efficiently processed to induce homol- 
ogous- loss-of-f unction' phenotypes in distantly related tomato 
and tobacco. Finally, we have demonstrated that miRNA activ- 
ities can be quantitative, do not cross graft barriers, and at least 
for short distances, exert autonomous effects. 

Gene Silencing with miRNAs 

Functional overlap (redundancy) presents a difficult logistic 
obstacle for in vivo characterization of gene function in general 
and more so in plants that in many cases have undergone 
multiple cycles of polyploidization and subsequent selective 
gene loss (Moore and Purugganan, 2005). Here, we show that 
miRNAs can potentially abolish simultaneously the activities of 
all of their targets to levels matched by conventional loss-of-. 
function mutations. Endogenous pre-miRNA-encoding genes of 
Arabidopsis could be modified to specifically target (sequence 
allowing) selected gene families. The range of phenotypic per- 
turbations, even at the high levels of ectopic expression, did not 
exceed that of corresponding multiple mutant combinations in 
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' Figure 6. miRNA Activities Are Spatially Restricted and Do Not Cross Graft Joints. 

(A) Transverse section of an Arabidopsis flower showing promoter AP3-mediated expression of GFP limited to petals and stamen. 

(B) Longitudinal section of same age Arabidopsis flower showing that promoter CflC-mediated expression of GFP is limited to carpels. 
JC) Flower of ~AP3?$>miR165b plant with radial petals and stamens but normal gynoecium. 

(D) Close-up .of radial stamens with normally abaxial- restricted guard cells scattered all around (arrows). 

(E) Flower ol^CRC^miRIGSb plant with thin gynoecium and normal stamens. . . .. ... 

~(F) A graft of 35S:miR-ARF on wild-type tomato. Picture was taken 4 months after grafting and after two rounds-of-defoliation (arrows) of wild-type, 
leaves. Newly initiating shoots remain normal. White box shows graft union. 

(G) to (I) A graft of the wild type on 35S:miR-ARF tobacco (G). Here, too, defoliation (arrows) of wild-type leaves did not stimulate miRNA-derived 
phenotype on wild-type shoot. The white box shows the graft union. Upon flowering, wild-type acceptor shoots were normal (H) even though 35S:miR- 
ARF donor flowers are highly distinct (I). 

sp, sepal; p, petal; st, stamen; gy, gynoecium; rp, radial petal; rs't, radial stamen. Bars = 50 ^m in (A) and (B) and 100 |xm in (C) and (D). 



the predicted target genes, suggesting that off-targets are not 
significantly affected. It was also possible to reduce the com- 
plementarity of the miRNA to Its targets and to produce weaker 
phenotypes. The specific sequence requirements for recognition 
of targets by their corresponding miRNA were formulated earlier 
(Allen et al., 2005; Schwab et al., 2005). Following these basic 
rules, we could custom design synthetic miRNAs that were as 
efficient as endogenous ones in simultaneous downregulation of 
multiple targets, and all are members of the same gene family. ■ 
Using such sequence-specific design, it should be possible to 
specifically target unique isoforms generated via alternative 
splicing or target multiple homologs ordered in tandem. Such 



application might be highly significant for plant genomes; it is 
estimated that 29% of the rice genes are organized in clusters of 
gene families (International Rice Genome Sequencing Project, 
2005) and are not amenable for functional analysis via classical 
genetic tools. 

Most of the miRNAs and gene family targets found in plants 
have a long coevplutionary history. Nearly all highly conserved 
miRNAs and corresponding gene target sites are identical in 
Arabidopsis and rice, and some are also shared with nonvascular 
plants (Floyd and Bowman, 2004; Axtell and Bartel, 2005). 
Comparison of the pre- miRNA genes between Arabidopsis and 
other species shows some conservation beyond the miRNA and 
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its complement to provide similarity in predicted folding (Reinhart 
et al M 2002; Floyd and Bowman, 2004). Using phenotypic and 
molecular assays, we found that pre-miRNAs were processed 
efficiently when the miRNA sequence and its complement were 
substituted in Arabidopsis and that these synthetic Arabidopsis 
miRNAs and their native counterparts functioned in distantly 
related Sblanaceae species. Recent work in mammal cells sug- 
gests that the miRNA RISC loading complex processes the pre- 
miRNA directly, unwinding and loading the mature miRNA to 
Argonaute2 of the RISC (Maniataki and Morelatos, 2005). Thus, 
basic, conserved structural elements of the pre-miRNA second-, 
ary structure may be sufficient for miRNA RISC loading complex 
recognition and processing, and these are maintained, in the 
manipulations we performed. 

Endogenous plant miRNAs and the . synthetic miRNAs we 
tested have a high degree of homology to their targets and 
-mediated gene suppression primarily through cleavage: In meta- 
zoans, miRNA-mediated cleavage also occurs where the miRNA 
has a high degree of homology with the coding region of its target 
(Yekta et al., 2004). Using appropriate computational analyses, - 
this effective and stable mechanism for gene targeting can be 
broadly applied in ail organisms with miRNA machinery. 

RNAi versus miRNA Silencing 

Long hairpin RNAi constructs. provide perfectly matched double- 
stranded RNA strands cleaved to -short siRNAs, while miRNAs 
are processed from precursors containing mismatches and 
bulges. We assume that it is those mismatches that provide 
structural information for Dicer , activities guiding precise cleav- 
age of the same 21. nucleotides. As such information is missing in 
the. perfect match stems, a mixture of mers is produced unless 
phased first by precise guiding cleavage (Allen et al., 2005). 
Moreover, even though a single miRNA molecule is generated 
per one pre-miRNA, efficient downregulation of multiple targets 
with matching sequence homology can be achieved. This result 
is in contrast with the Jong stem-loop RNAi vectors or cosup- 
pression lines where downregulation of a specific transcript only 
is commonly evident. For example, Chuang and Meyerowitz 
(2000).dem.onstrated specific downregulation g{AP1 using:RNAL. 
However, despite the sequence being used having long stretches 
of perfect homologies with the homologous CAULIFLOWER 
(CAL) gene, no ap1 cal-like plants were observed. Likewise, 
RNAi-targeted suppression of ARF2 in Arabidopsis (Li et al., 
2004) and ARF4 in tomato (Jones et al., 2002) resulted in a 
specific single mutant phenotype, in contrast with our results. 
Keeping in mind that double-stranded RNA is also amplified and 
dependent on the activities of RNA-dependent RNA polymerase 
(RdRp), stoichiometric effects of miRNAs appear to be much 
more potent (Sijen et al., 2001). 

Quantitative versus Qualitative Regulation by miRNAs 

Most plant miRNAs target TFs that play critical roles in morpho- 
genesis, in animals, recent studies suggest that miRNAs and 
their targets are expressed in adjacent, largely nonoverlapping. 
domains through transcriptional control (Stark et al., 2005). 
Under this scenario, miRNAs function to confer robustness on 



gene expression boundaries. In plants, the evidence of miRNA 
function paints a more complex picture. It has been proposed 
that miRNAs act to clear cells of their target gene activities as 
supported by the strong developmental phenotypes of dominant 
miRNA-resistant mutations (Rhoades et al., 2002). Such a mode 
of action is attractive for modeling formation and stabilization of 
sharp boundaries between adjacent expression domains. How- 
ever, observations of miR165/6 and miR164 expression and 
action relative to their respective PHB-like and CUC-like targets 
suggest a more quantitative role for the miRNA through damp- 
ening down target gene expression levels in cells coexpressing 
both (McConnell et al., 2001 ; Bao et al., 2004; Baker et al., 2005; 
Li et al., 2005; Williams et al., 2005a). In both cases of miRNA/ 
target pairs, increased target levels were observed when either 
the target was resistant to its miRNA or when endogenous 
miRNAs were reduced by mutation. Since zonation of the plant 
apical *meristem" into central and peripheral-domains is an ongo- 
ing, dynamic process, the slow gradual restrictions of expression 
domains of both CUC-fike and PHB-like multiple-family members „ 
likely- reflects a' more -fluid .regulation of these genes by their 
corresponding miRNAs. Similarly, during leaf morphogenesis, 
cell position rather than lineage is important until relatively late in- 
leaf development' (reviewed in_Scheres, 2001). Therefore, proper 
leaf morphogenesis . involves . a continual interplay between 
adaxial-promoting PHB-like ■ and -abaxial-promoting ARF2/3/4 
TFs, each class with supporting small RNAregulation (miR1 65/6 . 
and siR2141/2, respectively) to reinforce xeifideritity-ln such a. 
scenario, the" ta-siRNAs and" miR1 65/6- may'be coexpressed • 
with, and fine-tune, target gene . expression as part of the ongoing 
process of acquiring and'translating positional information.-; 
Our experiments with endbgenous pre''mit^165b\pm : miRJ64b,' 

■ and pre miR167a overexpression indicate *that; plant; : miRNAs 
have the potential to act in a quantitative fashion. "High and/or 

" precise" pre-miRNA expression of these miRNAs mimicked mul- 
tiple mutants of the target genes, demonstrating that these plant 

■ miRNAs have the potential to clear cells of their target gene 
activities. However, weak overexpression elicited mild pheno- 
types only, presumably by reducing and not eliminating target 

- gene function. Thus, it appears that a broad range of plant 
. miRNAs can act quantitatively, depending on ex pre ssjpi levels. 
The weak abaxialized phenotype obtained from strong specific 
overexpression of the miR1 65bm6 with reduced homology to its 
PHB-like gene transcripts (Figure 1 ; see Supplemental Figure 
1 online) also suggests that miRNA target mismatches are a po- 
tential source for inefficiency in miRNA action. A striking feature 
of endogenous plant miRNAs is the evolutionary conservation of 
miRNA target mismatches, even between the critical 5' region of 
the miRNA and its target (Axtell and Bartel, 2005). The synthetic' 
miR-ARF and miR-NGA we assayed had perfect homology 
to target regions in ETT/ARF4 and NGA2, respectively. From 
the simple perspective of thermodynamic rules of pairing, this 
should maximize the miR-ARF and miR-NGA in terms of negative 
regulation of these targets. While we cannot say whether perfect 
miRNA target homology is the most efficient form of these or any 
other miRNAs, our results suggest that perfect-match miRNAs 
are as efficient as native ones. If a perfect target match is the 
most efficient form of a miRNA, the evolutionary conservation of 
mismatches suggests a selection for miRNA inefficiency. One 
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possibility is that an inefficient miRNA, combined with variable 
levels of pre-miRNA transcription, contributes to a wider range of 
target gene outputs, which can be translated into a morphoge- 
netic gradient. Thus, it can be speculated that while plant 
miRNAs have the capacity to clear cells of target gene activities, 
they act endogenously to both clear cells of their targets and to 
dampen their expression, depending on the miRNA and devel- 
opmental context. 

Local versus Systemic Regulation by miRNA 

The quantitative nature of miRNA regulation and the transient 
nature of the pattern formation process do not support a role for 
long-distance miRNA transport. In agreement, we could not find 
any evidence for translocation of miR-ARF effects across graft 
barriers in tomato and tobacco. In Arabidopsis, we also failed to 
find phenotypic evidence of miRI65a/b"or miRT66g : moving small 
cellular distances in the developing flower. Still, a context- 
dependent short-range movement (one to two cells) of selected 
miRNAs in particular domains cannot be ruled out, a feature 
common to other macromolecules shown to traffic from cell to. 
cell (Gajlagher et al., 2004; Kurata et al., 2005). DCL4 activities 
are required for cell-to-cell spread of transgene-born silencing 
signals (Dunoyer et al., 2005), suggesting that siRNAs do provide 
the spreading sequence-based information agent. Significantly, 
mutations in DCL4 or in components of the RdRP machinery that 
abolish systemic silencing spread do not affect patterning. Thus, 
miRNAs and siRNAs "might not serve as equal substrates for 
trafficking. siRNAs contrast with-miRNAs in having a perfect 
match with their target mRNA. In this respect, one possible role 
for mismatches between miRNAs and their targets is that they 
: act as a means to avoid-the 'miRNA acting as a template for the 
RdRP silencing machinery. The miR-ARF, which has a perfect 
match to ARF3/ETT and ARF4 of tomato and ARF3/ETT of to- 
bacco, failed to elicit a systemic silencing response, suggesting 
that the miRN A/target mismatches may not function in this 
process. Thus, regulated expression of synthetic miRNA can 
allow for targeting of multiple transcripts for simultaneous sector 
analysis and for bypassing early lethality associated with multiple 
mutant combinations: ' ' : * 

METHODS 
Plant Material 

The Arabidopsis ihaiiana plants described are all in the Landsberg erecta 
background. Plants were grown under 18 h of cool white fluorescent light 
at 20°C. M82 tomato {Solanum lycopersicum) and Samsun tobacco 
{Nicotiana tabacum) plants were grown in greenhouse conditions with 
temperatures ranging between 18 and 25°C. The ngal mutation was 
identified in a gymnos kanadi background (Bowman et al., 2002). Map- 
based identification of At2g46870 as the gene mutant in ngal will be 
described elsewhere, ngal has a premature stop codon at Gln-203. 
nga2-l (At3g61970) (a kind gift from Venkatesan Sundaresan) contains a 
Ds insertion at +142 from the first Met codon within the B3 domain- 
encoding region. nga3-1 (At1g01030) has a T-DNA insertion (Garlic/ 
Sail_232_E10) at position +238 from the first Met codon, likewise within 
the B3-encoding domain, and nga4-l (At4g01500) (also a kind gift from 
Venkatesan Sundaresan) has a DS insertion +112 from the first Met 



codon, again within the B3 domain. nga1-1 nga2-1 nga3-l nga4-l qua- 
druple mutant plants were produced by conventional breeding. In the F2, 
presumptive quadruple mutant plants with a distinct phenotype appeared 
at an approximate ratio of 1:256, and their genotype was verified using 
PCR (see Supplemental Table 3 online for primer details). 

Grafting 

We used a classic wedge-shaped/slit grafting technique with the site of 
union wrapped by Parafilm. Plants were kept for 2 to 3 d in the shade and 
for 7 d in 80% humidity provided by plastic bags. Success exceeds 90%. 

Pre-miRNA Clones and Plant Transformation 

For isolation of pre-miRNA-containing sequences, the genomic DNA 
flanking the predicted stem-loop of different, annotated pre-miRNAs was 
amplified using PCR (see supplemental tables online for primers and 
details). Details on the stem-loop and short 5' and 3' ends are summa- 
rized in SupprementarTable T online? The premiRl65bm6'khd'pre miR- 
NGAa synthetic genes were generated by assembly PCR, as detailed in 
the legend of Supplemental Table 2 online. The pre miR-ARF and pre miR- 
NGAb synthetic genes were synthesized by Epoch Biolabs and DNA 2.0, 
respectively. To produce pre-miRNA stem-loop representations, we used 
the Web-based mfold program (Zuker, 2003). After sequence verification, 
the pre-miRNA clones were cloned behind an OP array (10OP-TATA- 
BJ36) or 35S promoter (ART7) and transferred into the binary pMLBART 
(for Arabidopsis) or pART27 (for tomato and tobacco) vectors (Eshed 
et al., 2001). A 6-kb PHB promoter and a 6.1-kb At Fit promoter were 
PCR amplified with the primers in SupplemehtalTable 2 online. FIL, PHB, 
and 35S promoters, were subcloned in front of LhG4 (Moore et al., 1998) 
and subsequently cloned into the pART27 or pMLBART binary vector. 
Other transactivation driver lines were described earlier (Pekker et ai., 
2005). Cotyledon transformation in tomato and leaf disc- transformation in 
tobacco were performed according to McCormick (1991) and Horsch 
et al. (1985), respectively. Arabidopsis transgenic lines were generated by 
the floral dip method, and BASTA-resistant transformants were selected 
on soil. 

Evaluation of Transgenic Lines 

Two types of evaluation of transgenic lines were performed. Primary 
35S:miRNA T1 lines were scored directly as having a strong, intermedi- 
ate, or weak phenotype. Selected 2 to 10 lines (fertility allowing) were 
backcrossedjBCJ with thejwild type, and a minimum of 30 BC1 progeny 
were scored to assay phenotype severity and heritability. Unless other- 
wise mentioned, original phenotypes were faithfully transmitted, and only 
lines with a single T-DNA insert locus were used for molecular analyses. 
Alternatively, in order to screen for independent, primary 1 0OP:pre-miRNA 
transformants, 10 to 30 T1 plants were crossed to homozygous promoter 
LhG4 lines, and a minimum of 30 promoter»miRNA F1 plants per cross 
were scored. Each primary line was designated as strong, intermediate, or 
weak on the basis of the morphology of the F1 progenies. Only 1 0OP: pre- 
miRNA lines with single, unlinked T-DNA insert loci were used for further 
experiments. In all cases, unless otherwise mentioned, strong lines were 
used for morphological and molecular characterizations. 

RNA Isolation and Analysis 

Total RNA was extracted using TRI Reagent (Sigma- Aid rich) according to " 
the manufacturer's instructions. High molecular weight RNA was nor- 
malized by spectrophotometry to 20 jxg/lane. Radiolabeled probes for 
RNA gel blot analysis of mRNAs were made by random priming reactions. 
Probes consisted of the 3' (to the stop codon) 1049 bp (E7T), 1497 bp 
{ARF4), 1459 bp (4HF2), 617 bp {NGA1), and 828 bp {NGA3) of these 
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genes annotated cDNAs. Equivalent loading of samples was monitored 
by detection of 28S and 1 8S RNA in all gels prior to blot transfer. 

Low molecular weight RNA "was purified with an RNeasy plant mini kit 
(Qiagen), resolved on a 17% polyacrylamide-urea gel, transferred to a 
Zeta-Probe GT membrane (Bio-Rad), and probed with a 32 P end-labeled 
oligonucleotide, complementary to the mature miRNAs (see Supplemen- 
tal Table 4 online). Equivalent loading of samples was shown by detection 
of 5S RNA in all gels prior to blot transfer. 

Isolation of Tomato and Tobacco cDNAs 

The complete coding sequences of the ARF2, ARF3/ETT, and ARF4 
genes of tomato were cloned using primers designed from the alignment 
of different tomato EST sequences in GenBank. A partial ARF3/ETT gene 
of N. tabacum was isolated using homology with the tomato ARF3/ETT 
gene (see supplemental tables online for primer details). Young leaves, 
apices, and flowers were harvested, and total mRNA was extracted from 
vegetative and reproductive shoot tips using Trizol reagent. cDNA tem- 
plate was synthesized from 1 p.g of total RNA using Superscript II reverse 
transcriptase (Invitrogen) or PowerScript RT enzyme (Clontech). • 

RACE Analysis of Cleaved miRNA Target Genes 

Cleavage sites in the miRNA target genes were mapped using RLM- 

RACE, a modified 5' RACE procedure as described by Kasschau et al. 

(2003), using the GeneRacer (Invitrogen). protocol coupled with nested 
• gene-specific primers —200 to 400 nucleotides downstream of the 

predicted miRNA target site (see Supplemental Table 5 online). The 
■ PCR products were purified and directly sequenced or cloned into pDrive 

"(Qiagen) or pCRII (Sigma-Aldrich) and sequenced. 

. Microscopy and Confocal Imaging 

Tissue preparation and histological analyses were performed according . 
to Pekker et al, (2005). Scanning electron microscopy was performed • 
using an XL30 ESEM FEG microscope (FEI). For confocal imaging, tissue 
was fixed in 2.5% paraformaldehyde overnight, osmotically adjusted, and 
frozen, and 20- to 45-p.m sections were made with a Leica 2000 microtome. 
Fluorescence was observed by an Olympus CLSM500 microscope 
with an argon laser at 488 nm for excitation and 505 to 525 nm for GFP 
emission. 

Accession Numbers 

"Tomato ARF sequence data from this article can "be found in the 
GenBank/EMBL data libraries under accession numbers DQ340254 (SI 
£77), DQ340259 (S\ARF4), and DQ340255 {S\ARF2). Accession numbers 
for tobacco are DQ340258 (Nt ARF2), and DQ340256 and DQ340257 (Nt 
ARF3/ETT). 

Supplemental Data 

The following materials are available in the online version of this article. 

Supplemental Table 1. Sequence Parameters of Pre-miRNA. 

Supplemental Table 2. Primers for PCR-Mediated Cloning. 

Supplemental Table 3. Primers for PCR-Mediated Genotyping of 
NGATHA2-4 Insertion Alleles. 

Supplemental Table 4. Oligonucleotides for miRNA Detection by 
RNA Gel Blot Analysis and Primers for RLM-RACE. 
Supplemental Table 5. Gene-Specific Primers for RLM-RACE. 

Supplemental Figure 1. Design of and Additional Phenotypes 
Induced by miR165bm6. 



Supplemental Figure 2. Analysis of Cleavage Products of Arabidop- 
sis ARF Genes. 

Supplemental Figure 3. NGA-Like Gene Alignment and Cleavage 
Analysis in Tomato. 
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Expression of artificial microRNAs in transgenic 
Arabidopsis thaiiana confers virus resistance 

Qi-Wen Niu 1 ' 4 , Shih-Shun Lin 1,4 , Jose Luis Reyes 1 ' 3 , Kuan-Chun Chen 1 ' 3 , Hui-Wen Wu 1 , 
Shyi-Dong Yeh 2 & Nam-Hai Chua 1 

Plant microRNAs (miRNAs) regulate the abundance of target mRNAs by guiding their cleavage at the sequence complementary 
region. We have modified an Arabidopsis thaiiana miR159 precursor to express artificial miRNAs (amiRNAs) targeting viral 
mRNA sequences encoding two gene silencing suppressors, P69 of turnip yellow mosaic virus (TYMV) and HC-Pro of turnip 
mosaic virus (TuMV). Production of these amiRNAs requires A. thaiiana DICER-like proteuv-1. Transgenic A. thaiiana plants 
expressing amiR-P69 159 and amiR-HC-Pro 159 are specifically resistant to TYMV and TuMV, respectively. Expression of amiR- 
TuCP 159 targeting TuMV coat protein sequences also confers specific TuMV resistance. However, transgenic plants that express 
both amiR-P69 159 and amiR-HC-Pro 159 from a dimeric pre-amiR-P69 159 /amiR-HC-Pro 159 transgene are resistant to both 
viruses. The virus resistance trait is displayed at the cell level and is hereditable. More important, the resistance trait is 
maintained at 15 °C, a temperature that compromises small interfering RNA-mediated gene silencing. The amiRNA-mediated 
approach should have broad applicability for engineering multiple virus resistance in crop^lants. 



Plants possess several innate mechanisms to resist viruses, one of 
which entails the production of dominant resistance gene products 
that can trigger hypersensitive response and systemic acquired resis- 
tance 1,2 . However, transgenic technology offers the possibility to 
genetically modify plants with genes encoding virus tolerance/resis- 
tance. Over the last two decades, several strategies have been developed 
mostly based on the concept of pathogen -derived resistance 3 . 

The coat protein gene of the tobacco mosaic virus (TMV) was used 
in the first demonstration of virus- derived, protein-mediated resis- 
tance in transgenic plants 4 . Transgenic tobacco plants expressing high 
MV coat protein levels were resistant to TMV virions but less so to 
TMV RNA. This pioneering observation was quickly confirmed by 
similar results with other viral coat protein genes 5 v . In addition, 
dominant-negative mutant forms, of viral proteins, for example, 
replicase 6 and movement proteins 7 , also confer virus resistance in 
transgenic plants. 

RNA-mediated virus resistance can be brought about by expression 
of satellite RNA, defective interfering RNA or the noncoding region of 
viral genome RNAs, which interfere competitively with virus replica- 
tion 7 . This type of resistance can also be accomplished by expression 
of viral sequences in the sense or antisense orientation 8,9 or in double- 
stranded forms 10 . In these cases, expression triggers degradation of 
both the transgene RNA and the corresponding viral RNA via post- 
transcriptional gene silencing. 

The post-transcriptional gene silencing pathway targets double- 
stranded (ds)RNA for degradation by DICER-like (DCL) proteins in a 
sequence-specific manner through the production of small interfering 



(si)RNA. Whereas DCLificleaves dsRNAs from replicating virus 11 , 
DCL3 cleaves dsRNAs delved from endogenous transcripts through 
the activity of RNA- dependent RNA polymerases 2 and 6 (refs. 12,13). 
The siRNAs produced arj?J.ncprpo rated into RNA- induced silencing 
complexes (RISC), whichjuide cleavage of target RNAs. Because post- 
transcriptional gene silencing is a host antiviral defense mechanism, it 
is not surprising that viruses encode suppressor proteins that can 
block this function 2 ' 14 - 16 ^;; 

Recently, miRNAs havgbeen identified as important regulators of 
gene expression in botfr^ plants and animals. miRNAs are single- 
stranded RNAs, 20-24 nucleotides (nt) in length, generated from pro- 
cessing of longer pre-miRNA precursors 17 by DCL1 in A. thaliana u . 
These miRNAs are recruiTed to the RISC complex.' Using RNA:RNA 
base-pairing, miRNAs dSect RISC in a sequence-specific manner to 
downregulate target mRNAs in one of two ways. Limited 
miRNA:mRNA base-pairing results in translational repression, which 
is the case with the majority of the animal miRNAs studied so far. By 
contrast, most plant miRNAs show extensive base- pairing to, and 
guide cleavage of, their target mRNAs 18 . In A. thaiiana, miRNAs are 
known to be important regulators of plant developmental processes. 

Previous reports have shown that alteration of several nucleotides 
within an miRNA 21-nt sequence does not affect its biogenesis 19 . 
Therefore, it may be possible to modify plant miRNA sequence to 
target specific transcripts, originally not under miRNA control. To 
explore this possibility we used the 273-bp backbone of pre-miRNA l59a 
to generate artificial pre-miRNAs 159 (pre-amiRNAs 159 ) containing 
sequences complementary to two plant viruses TYMV and TuMV. • 
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Figure 1 Design of amiRNA precursors arid analysis of transgenic A. thaliana plants expressing amiRNAs. 
(a) Structure of pre-miR159a (273 nt) presented as a hairpin. Primers containing the amiRNA or 
amiRNA* sequences were used to replace miR159 and miR159* sequences in the pre-miRNA. Note 
that the amiRNA sequence is fully complementary to the amiRNA* sequence. The pre-amiRNA 159 was 
subcloned into pENTR vector and then moved downstream of a 35S promoter in a binary destination 
vector (destination cassette, DC) by the Gateway recombination system. The pre-amiRNA 159 precursor in miR i 59 j| 
the binary plasmid was tested for amiRNA 159 expression in N. benthamina before being transferred into 
A. thaliana. (b) A binary vector carrying 35S-pre-amiR-P59 159 /amiR-HC-Pro 159 . In transgenic plants, this 

transgene can produce two different amiRNAs directed against two different viruses, (c) Transgenic plants carrying 35S-pre-amiR-P69 159 or 35S-pre- 
amiR-HC-Pro 159 . Four lines expressing amiR-P69 159 (lines nos. 1, 2, 3 and 7) and three lines expressing amiR-HC-Pro 159 (lines nos. 10, 11 and 12) were 
analyzed. The endogenous miR159 was used as a loading control. Each lane contained 10 ug total RNA. (d) Expression of amiRNAs requires DCL1. 
amiRNA transgenic plants-were crossed with dcll-9 mutant and dcil-9 homozygous seedlings carrying 35S-pre-amiRNA transgenes were analyzed. Each 
lane contained 10 ug RNA. 5S rRNA and tRNAs were used as loading controls, (e) Mapping of cleavage site of P69 and HC-Pro mRNA by 5'RACE. 
The arrows indicate thaO,3/16 clones of P69 and 8/14 cloriesof HC-Pro were derived from products cleaved at the expected site. This cleavage site is 
located between nucleotides complementary to nucleotide 10 and 11 of the amiRNA. (f) Transgenic plants expressing amiR-TuCP 159 or amiR-P69 159 / 
iiR-HC-Pro 159 . Three lines expressing amiR-TuCP 159 lines (nos. 3, 11 and 15) and three lines expressing amiR-P69 159 /amiR-HC-Pro 159 lines 



£ (nos. 2, 5 and 9) were analyzed. The endogenous miR159 was used as a ..loading control. Each lane contained, 10 ug total RNA. 




Both TYMV and TuMV can infect Brassica and non-Brassica hosts 
inflicting significant economic damages worldwide 20 " 23 . TYMV is a 
tymovirus with an RNA- genome that encodes three proteins, one of 
which is a 69-kDa -movement protein with silencing suppressor 
nction 24 . TuMV, a potyvirus, encodes a large polyprotein, which is 
post-translationally processed into several smaller proteins 25 . HC-Pro, 
a viral proteinase withrmultiple functions, acts as a silencing suppres- 
sor. Because viral suppressors play an important role in counteracting 
host defense, we chose to design amiRNAs to target these sequences. 
In addition, we have also designed amiRNAs to target the coat protein 
sequences of TuMV. 

In this study, we demonstrate that transgenic plants can generate two 
amiRNAs from pre-amiRNAs— amiR-P69 159 and amiR-HC-Pro 159 
with sequences complementary to P69 and HC-Pro coding sequence, 
respectively. Furthermore, when inoculated with the specific virus, these 
plants displayed specific resistance even at low temperatures that inhibit 
post- transcriptional gene silencing. In addition, expression of a dimeric 
amiRNA precursor, which can generate both amiR-P69 159 and amiR- 
HC-Pro 159 , conferred resistance to both viruses. During the preparation 
of this manuscript, Schwab et ai 16 and Alvarez et al 27 reported the 
successful downregulation of plant genes by amiRNAs targeting indi- 
vidual genes or groups of endogenous genes. These amiRNAs were 
constructed using precursors of miR164b, miR172a and miR319a as 
backbones. Furthermore, plum pox virus chimeras bearing endogenous 
miRNA target sequences displayed reduced infectivity in plants 28 . The 
use of synthetic miRNAs and multiple miRNA genes to downregulate 
gene expression has also been reported in animal and human cells 29 " 33 . 



RESULTS 

Expression of amiRNAs in transgenic A. thaliana 

Preliminary analysis showed that miRNA 1 59 ^ was expressed at high 
levels in all A. thaliana organs (data not shown). We therefore chose 
the 273-nt pre-miR159a hairpin structure (Fig. la) as a backbone for 
the construction and expression of amiRNAs termed amiRNA 159 The 
designs of pre-amiRNAs and expression of amiRNAs in transgenic 
plants are shown (Fig. 1). 

Using oligonucleotide-directed mutagenesis" we replaced the" 21 -nt 
sequence of miR159 with the synthetic sequence 5'-AAAGUCUCG 
AUUGUCUUGUGG-3' (arniR-P69 159 ) or 5'-ACUUGCUCACGCAC 
UCGACUG-3' (amiR-HC-Pro 159 ) directed against a region of the 
mRNA encoding the suppressor P69 or HC-Pro, respectively. We 
obtained expression of amiR-HC-Pro 159 and amiR-P69 159 in wild-type 
transgenic lines (Fig. la,c) but their expression, like that of the 
endogenous miR159, was much reduced in dcll-9, implicating 
DCL1 in their biogenesis (Fig. Id). Four amiR-P69 159 (nos. 1, 2, 3 
and 7) and three amiR-HC-Pro 159 (nos. 10, 11 and 12) independent 
transgenic lines were chosen for further experimentation. 

Cleavage of P69 and HC-Pro mRNA 

To see if the amiRNAs can mediate cleavage of target RNAs, we 
infiltrated Nicotiana benthamiana leaves with Agrobacterial cells carry- 
ing piasmids containing the constructs pBA-amiR-P69 159 /pBA-P69- 
HA, P BA-amiR-HC-Pro 159 /pBA-HC-Pro-HA, pBA002/pBA-P69-HA 
or pBA002/pBA-HC-Pro-HA. The empty vector pBA002 was used as 
a negative control. In 13 out of 16 clones analyzed, P69 mRNA cleavage 
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occurred at the expected position (nucleotide 224) located between the 
two nucleotides complementary to nucleotide 10 and 11 of the amiR- 
P69 159 (Fig. le). Three other cleavage products with 5' ends further 
downstream (at nucleotide 254, 285 and 403) were recovered, suggest- 
ing A. thaliana XRN4 exonuclease activity 34,35 (data not shown). No 
rapid amplification of 5' complementary DNA ends (5'RACE) product 
was obtained from the negative control sample. Similar results were 
obtained in an HC-Pro mRNA cleavage experiment with 8 out of 14 
clones analyzed having the correct cleavage at nucleotide 840 of the 
HC-Pro mRNA (complementary to nucleotides 10 to 11 of the 
triggering amiR- HC-Pro 159 ) whereas one clone showed cleavage at 
nucleotide 842 (Fig. le). The 5' ends of the other 5 clones were 
detected at nucleotide 876, 878, 879, 913 and 1030. of the HC-Pro 



mRNA (data not shown). These data showed that both amiRNAs can 
mediate precise cleavage of their target viral RNAs. 

Specificity of amiRNA 

Using BLAST search we failed to find any A. thaliana genes having 
complementary sequences of more than 15-nt over the 21 -nt sequence 
of amiR-P69 159 or . amiR-HC-Pro 159 . The PATMATCH (ver 1.1) 
program on the TAIR website (http://www.arabidopsis.org/) also 
did not uncover any endogenous A. thaliana transcripts as possible 
targets when the parameter was set as 0 mismatch. However, 6 
A. thaliana transcripts can potentially form imperfect pairing (mis- 
match and deletion) with amiR-P69 159 and amiR-HC-Pro 159 when 
three mismatches were allowed (see Supplementary Fig. la,b online). 
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Figure 2 Transgenic plants expressing amiR-P69 159 and amiR-HC-Pro 159 are resistant to TYMV and TuMV infection, respectively, (a) Plants were inoculated 
with TYMV and photographs taken 12 d.p.i. Bar, 4 cm. (b) Plants were inoculated with TuMV and photographs taken 14 d.p.i. Bar, 3 cm. (c) TuMV-GFP 
infection and cell-to-cell movement of the chimeric virus on inoculated leaves. Entire inoculated leaves of wild-type and transgenic plants were examined by 
confocal microscopy. Inoculated wiid-type leaves always displayed fluorescence due to replication of the GFP-virus, whereas transgenic leaves of amiR-HC- 
Pro 159 plants never showed any fluorescence even when the entire leaf was examined. Bar, 50 jim. (d) ELISA detection of TYMV coat protein in different . 
transgenic and wild-type plants. Readings were taken, after 3 h of substrate hydrolysis. Bars represent standard deviations and N - 22. (e) ELISA detection 
of TuMV coat protein in different transgenic and wild-type plants at 14 d.p.i. Readings were taken after 30 min of substrate hydrolysis. Bars show standard 
deviations. N =12. (f) Transgenic plants expressing amiR-P69 159 /amiR-HC-Pro 159 are resistant to TYMV and TuMV infection. Plants were inoculated with 
TYMV or TuMV and photographs taken 14 d.p.i. Bar, 4 cm. (g,h) Time course of TYMV titer in various transgenic lines (amiR-P69 159 no. 1 and amiR-HC- 
Pro 159 no. 11) and wild-type plants. Six d.p.i. transgenic amiR-HC-Pro 159 no. 11 and wild-type plants were systemically infected by TYMV. Bars represent 
standard deviations and N = 92. (ij) Time course of TuMV titers in various transgenic lines (amiR-P69 159 no. 1 and amiR-HC-Pro 159 no. 11) and wild-type 
plants. Bars represent standard deviation and N = 41. 
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Table 1 Infectivity assay of amiR-HC-Pro 159 and amiR-P69 159 
transgenic plants challenged with TYMV inocula 

N° infected/inoculated plants 



Experiment 1 



Experiment 2 



Si 

o 
o 
c 

I 



i 

o 
o 
6 



c 

4 



Transgenic plant 


Line 


u a 


R (%) b 


Line 


u 


R(%) 


amiR-P69 159 


l c 


0/3 


100 


l-l d 


0/32 


' 100 




2 


0/6 


100 


2-5 


0/22 


100 




3 


0/6 


100 


3-1 


0/32 


100 




7 


0/6 


100 


7-1 


0/32 


100 


amiR-HC-Pro 159 


10 


5/6 


16.7 


10-4 


30/31 


3.2 




11 


6/6 


0 


11-3 


32/32 


0 




12 


5/5 


0 


12-4 


29/30 


3.3 


WT 




16/17 


5.9 




61/61 


0 



•Upper nonirtoculated leaves were analyzed by EUSA. The nominator indicates the number 
•of ELISA-positive plants and the denominator -the total number of plants in the experiment. 
b R, number of resistant plants as a percentage of the total plant population. H'he amiR-P69 159 
lines (nos. 1. 2. 3 and 7) and amiR-HC-Pro 1 ^ 9 lines (nos. 10. 11 and 12) are T 2 progeny 
containing a mixture of homozygotes and hemizygotes with respect to the transgene. ^he 
amiR-P69 159 lines (nos. 1-1, 2-5, 3-1 and 7-1) and amiR-HC-Pro 159 lines (nos. 10-4.11-3 
and 12-4) are homozygous T 3 progeny. WT, wild type. 



To check if the two amiRNAs can also down regulate A. thaliana 
transcripts with" such imperfect matches, we monitored their expres- 
sion levels in wild-type and transgenic plants by RT-PCR. We also 
examined possible effects on genome-wide expression by hybridiza- 
tions to Afrymetrix ATH 1 arrays. Our analysis showed that none of the 
A. thaliana genes expressed in wild type were downregulated by either 
of the amiRNAs (see Supplementary Table 1 online). Expression of 
five of the putative target genes was not affected by the amiRNAs (see 
Supplementary Fig. lc,d online). The sixth putative target gene 
(AT1G69320) was not expressed either in wild-type plants or in 
transgenic plants by genome array analysis or by RT-PCR. This is 
likely due to its low transcript abundance (see Supplementary Table 1 
online). In addition to this molecular analysis, we found that 
.transgenic plants expressing the amiRNAs displayed normal morphol- 
ogy and growth rate. The flowering time was unaltered, the flowers 
were fertile and the siliques contained seeds of the normal amount. 
Although these results suggest that amiR-P69 159 and amiR-HC-Pro 159 
can .specifically target viral RNA but not endogenous transcripts, 1 we 
can not exclude the possibility that transcripts expressed only under 
specific conditions, for example, abiotic stress, might be affected. 

TYMV resistance of amiR- P69 159 plants 

The cleavage of P69 mRNA mediated by amiR-P69 159 suggested the 
possibility of using this amiRNA to mediate cleavage of viral RNA to 
confer resistance. We selected four amiR-P69 159 transgenic lines (nos. 
1, 2, 3 and 7) and challenged progeny plants with TYMV or buffer. 
Wild-type plants and three amiR-HC-Pro 159 lines (nos. 10, 1 1 and 12) 
were used as controls. 

Figure 2 shows responses of wild-type and transgenic plants to 
virus challenge. Twelve days post-inoculation (d.p.L), wild-type plants 
and amiR-HC-Pro 159 plants (line no. 11) showed diffused chlorotic 
local lesions on inoculated leaves and yellow mosaics on systemic 
leaves (Fig. 2a and Supplementary Fig. 2a online) characteristic of 
TYMV-induced symptoms 14 . Moreover, these infected plants devel- 
oped shorter inflorescence internodes (see Supplementary Fig. 2b 
online), the inflorescences displayed early senescence and flowers had 
pollination defects. By contrast, amiR-P69 159 plants (line no. 1) 



appeared normal, like mock-inoculated plants of all genotypes (wild 
type and transgenic) (Fig. 2a and Supplementary Fig. 2a,b online). 
Similar results were also obtained for amiR-P69 159 transgenic line nos. 
2, 3 and 7 after TYMV inoculation confirming that TYMV resistance 
can be seen in all four independent lines. 

Extracts of systemic leaves from individual plants were assayed by 
enzyme-linked immunosorbent assays (ELISA) using polyclonal anti- 
bodies to the TYMV coat protein. The TYMV coat protein was 
undetectable in inoculated amiR- P69 159 plants indicating virus resis- 
tance. By contrast, TYMV coat protein was present at high levels in the 
susceptible wild-type and amiR-HC-Pro 159 plants (Fig. 2d) consistent 
with the appearance of virus symptoms (Fig. 2a and Supplementary 
Fig. 2a,b online). TYMV- inoculated wild-type and amiR-HC-Pro 159 
plants contained high TYMV coat protein levels," which were not 
detected in mock-inoculated plants of all genotypes and in TYMV- 
inoculated amiR-P69 159 plants (see Supplementary Fig. 2c online). 

In wild-type plants, coat protein was not detectable at 3 d.p.i. but 
accumulated rapidly to high levels at 6 d.p.i. and then the level reached 
a plateau thereafter (Fig. 2g,h). TYMV- inoculated. amiR- HC- Pro 159 _ 
plants continued to accumulate TYMV coat protein until 12 d.p.i. : 
before leveling off. No accumulation of TYMV coat protein was found 
in amiR-P69 159 plants at all time points, indicating virus resistance. 

•We also monitored symptoms development and TYMV coat 
protein accumulation on upper noninoculated leaves in two indepen- 
dent experiments (Table 1). In the first experiment, T 2 progeny 
(homozygotes and hemizygotes) of amiR- P69 1 59 -plants (nos. 1, 2, 3- 
and 7) and of amiR-HC-Pro 159 plants (nos. 10, 11 and 12) were 
analyzed along with wild-type plants. Most of the wild-type plants 
(16 out of 17), all of the amiR-HC-Pro 159 plants derived from two 
independent lines (nos. 11 and 12) and 5 out of 6 plants of amiR-HC- 
Pro 159 line no. 10 showed systemic yellow mosaic symptom 
and accumulated TYMV coat protein. The percent resistance is 
around 0 to 16.7%, By contrast, all amiR-P69 159 lines showed 100% 
resistance to TYMV. In the second experiment, T 3 progeny (homo- 
zygotes) of amiR-P69 159 plants- (line nos. 1-1, 2-5, 3-1 and 7-1) 
and of amiR-HC-Pro 159 plants (line nos. 10-4, 11-3 and 12-4) were 
challenged with TYMV. The percent resistances of wild- type and 
amiR-HC-Pro 159 plants were around 0-3.3%, but T 3 progeny of 

Table 2 Infectivity assay of amiR-HC-Pro 159 and amiR-P69 159 
transgenic lines challenged with TuMV inocula 

N° infected/inoculated plants 



Experiment 1 Experiment 2 Experiment 3 



Transgenic plant Line 



R (%) b 



R (%) 



R (%) 



amiR-P69 159 


l c 


11/12 


8.3 


8/8 


0 


18/19 


5.3 




2 


ne d 




8/8 


0 


16/17 


5.9 




3 


ne 




5/5 


15.7 


ne 






' 7 


ne 




5/5 


0 


ne 




amiR-HC-Pro 159 


10 


ne 




0/12 ' 


100 


0/24 


100 




11 


0/12 


100 


0/12 


100 


0/17 


100 




12 


ne 




0/9 


100 


ne 




WT 




11/12 


8.3 


25/33 


24.2 


41/41 


O 



"Upper noninoculated leaves were analyzed by ELISA. The nominator indicates the number of 
ELISA-positive plants and the denominator the total number of plants in the experiment. b R. 
number of resistant plants as a percentage of the total plant population. 'The amiR-P69 159 
lines (nos. 1. 2. 3 and 7) and amiR-HC-Pro 159 lines (nos. 10. 1 1 and 12) are T 2 progeny 
containing a mixture of homozygotes and hemizygotes with respect to the transgene. d ne. not 
examined. WT, wild type. 
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Table 3 Infectivity assay of amiR-P69 159 /amiR-HC-Pro 159 transgenic plants challenged with inocula of TYMV, TuMV or both viruses 

N° infected/inoculated plants 



Single infection* 



Co-infection b 





Line 


L»TuMV° 


R d (%) 


Utymv 


R (%) 


UTuMV 


R (%) 


utymv 


R (%) 


amiR-P69 159 /amiR-HC-Pro 159 


2 e 


0/17 


100 


0/17 


100 


0/35 


• 100 


0/35 


100 




5 


0/16 


100 


0/17 


100 


0/34 


100 


0/34 


100 




9 


0/23 


100 


0/25 


100 • 


0/43 


100 


0/43 


100 


amiR-P69 159 


7-1' 


23/23 


0 


0/25 


100 


35/36 


2.8 


0/36 


100 


amiR-HC-Pro 159 


10-4 


0/23 


100 


23/23 


0 


0/32 


100 


32/32 


0. 


WT 




16/16 


0 


19/20 


5 


33/37 


10.8 


37/37 


0 



cn 
o 
o 
c 
r 
o 

i 



cn 

I 

o 
o 



■Single infection with TuMV or TYMV inocula. ^o-infection with mixed TuMV and TYMV inocuta. c Upper noninoculated leaves were analyzed by ELISA. The nominator indicates the number of 
ELISA-positive plants and the denominator the total number of plants in the experiment d R, number of resistant plants as a percentage of the total plant population. The amiR-P69 ^/amiR-HC- 
Pro 159 lines (nos. 2, 5 and 9) are T 2 progeny containing a mixture of homozygotes and hemizygotes with respect to the transgene. 'amiR-P69 !59 line no. 7-1 and amiR-HC-Pro 159 line no. 10-4 are 
homozygous T 3 progeny. WT. wild type. 
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amiR-P69 159 plants displayed 100% resistance to TYMV. Together, the 
results show that the virus resistance trait can be transmitted to the 
next generation. 

TuMV resistance of amiR-HC-Pro 159 plants 

Next, we inoculated the same set of transgenic plants with TuMV 
using wild- type plants as controls. Fourteen days after inoculation, 
vegetative growth of amiR-P69 159 (line no.l) and wild-type plants 
showed severe developmental abnormalities, including stunting and 
reduced internodal distances (Fig. 2b and Supplementary Fig. 3a 
online), TuMV-infected amiR-P69 159 and wild-type plants showed 
narrow sepals "that failed to encase, developing flowers. Moreover, 
the flowers were often sterile because of short anthers that failed 
to- pollinate (see Supplementary Fig. 3b online), and siliques 
were small and appeared abnormal (see Supplementary Fig, 3c 
online). These symptoms were characteristics of plants infected with 
TuMV 15 . By contrast, transgenic amiR-HC-Pro 159 plants (line no. 11) 
were resistant to TuMV infection and displayed normal inflorescence, 
ower and silique development, like mock- inoculated plants of 
aD genotypes. 

amiR-HC-Pro 159 and wild-type plants were also challenged with a 
TuMV virus carrying a GFP gene. GFP signal was seen on inoculated 
and systemic leaves of wild-type but not those of amiR-HC-Pro 159 
plants (Fig. 2c). These results indicate the amiRNA- mediated resis- 
tance can block viral RNA replication in infected cells, and viruses can 
not move from cell to cell nor translocate systemically to upper leaves. 

TuMV coat protein was not detected in mock- inoculated plants of 
all genotypes and in TuMV- inoculated amiR-HC-Pro 159 plants indi- 
cating TuMV resistance. On the other hand, TuMV coat protein was 
present at high levels in TuMV-infected wild-type and amiR-P69 159 
plants (Fig. 2e and Supplementary Fig. 3d online) consistent with 
the appearance of virus symptoms (Fig. 2b and Supplementary 
Fig. 3a-c online). 

In a time course experiment, amiR-P69 159 and wild-type plants 
showed no detectable TuMV coat protein at 3 d.p.i. but it accumulated 
rapidly to high levels at 6 d.p.L The TuMV titer decreased slightly 
at 9 d.p.i. but higher TuMV titer was detected at 12 d.p.i. (Fig. 2i,j). 
This result indicates that amiR-P69 359 and wild-type plants were 
susceptible to TuMV infection. No accumulation of TuMV coat 
protein was found in amiR-HC-Pro 159 plants at all time points, 
indicating TuMV resistance. 



We monitored symptoms of upper noninoculated leaves and 
performed ELISA assays of leaf extracts in three independent experi- 
ments (Table 2). Plants of T 2 progeny (homozygotes and hemizy- 
gotes) of amiR-P69 159 (line nos. 1, 2, 3 and 7) and amiR-HC-Pro 159 
(line nos. 10, 11 and 12) and wild-type control plants were analyzed. 
The percent resistance of wild-type and amiR-P69 159 plants was 
~0-24.2%. By contrast, all of the amiR-HC-Pro 159 lines showed 
100% resistance to TuMV in aD three experiments. These results 
confirm the resistance of amiR-HC-Pro 159 plants to TuMV 

In addition, we found that amiR-TuCP 159 transgenic plants -(line 
nos. 3, 11 and 15), which produced amiR-TuCP 159 (5'-ACUCUCUGC 
UCGUAUCUUGGC-3') targeting the TuMV coat protein sequences, 
showed complete resistance to TuMV (Fig. If and Supplementary 
Table 2 online). * 



Transgenic plants resistant to both viruses 

Transgenic plants expressing either amiR-P69. 159 or amiR-HC-Pro 159 
were resistant only to the specific virus targeted by the amiRNA. 
However, we observed breakdown of this specific resistance in a few 
transgenic plants co-inoculated with both viruses (see Supplementary 
Table 3 online). This occasional breakdown is not surprising because 
when produced at sufficiently high levels the gene silencing suppressor 
of the nontargeted virus (P69 of TYMV or HC-Pro of TuMV) would 
interfere with the host miRNA machinery thereby blocking the 
targeting amiRNA activity. To generate transgenic plants with double 
resistance against both viruses, we constructed a dimeric amiRNA 
precursor (pre-amiR-P69 159 /amiR-HC-Pro 159 ) by ligating pre-amiR- 
P69 159 and pre-amiR-HC-Pro 159 and expressing the dimer in a single 
Pol II transcription unit (Fig. lb). Expression of both amiRNAs was 
detected in three independent transgenic lines (nos. 2, 5 and 9) 
carrying the dimeric pre-amiRNA (Fig. If). No viral symptoms 
were detected in these lines upon infection with either TuMV or 
TYMV or when co-inoculated with both viruses (Fig. 2f). These 
double resistance results were confirmed by ELISA analysis (Table 3). 

Maintenance of virus resistance of amiRNA plants at 15 C 

Sense viral RNA-mediated resistance to cymbidium ringspot virus 
breaks down at 15 "C because of the sensitivity of post-transcriptional 
gene silencing to low temperatures 36 . To see whether the amiRNA 
plants would maintain their virus resistance at 15 *C, we grew wild- 
type and transgenic plants at 15 °C for 3 weeks. We found that 
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Figure 3 Effect of temperature on amiRNA 
production and virus resistance, (a) Expression 
of amiRNAs at 24 X and 15 X. Homozygous T 3 
amiR-P69 159 and amiR-HC-Pro 159 transgenic 
plants were grown at 24 X and 15 X. Each lane 
contained 10 ng total RNA. 5S rRNA and-tRNAs 
were used as loading controls. Transgenic line 
numbers are given on the top panels and 
numbers between the two panels represent 
signal strengths of amiRNA relative to mi R 159. 
(b) Symptom development and virus resistance 
phenotype of amiR-P69 159 and amiR-HC-Pro 159 
transgenic plants at low temperatures, (c) amiR- 
P69 159 and amiR-HC-Pro 159 transgenic plants 
were resistant to TYMV (left panel) and TuMV 
(right panel), respectively, at low temperatures. 
Two transgenic amiR-HC-Pro 159 lines (nos. 10-4 
and 11-3), two transgenic amiR-P69 159 lines 
(nos. 1-1 and 2-5) and wild-type plants were 
used. For each line, 12 individual plants were 
inoculated with TuMV or TYMV whereas 4 
individual plants were inoculated with buffer as 
controls (Mock). After 2 weeks systemic leaves 
were collected for ELISA analyses using an 
antibody against TuMV coat protein or TYMV 
coat protein. Bars represent standard deviation 
and N = 24. 



J3L 



24 °C 



15 *C 



24 'C 



amiRNA levels at 15 °C were comparable to-those at 24 'C (Fig. 3a). 
In addition, expression of endogenous miRNAs- (miR 165, miR164, 
miR159 and miR167) and trans-acting (ta-) siRNA (si255) was also 
not significantly affected at 15 °C (see Supplementary Fig. 4 online). 
TYMV symptoms were more severe at 15 C C than at 24 °C Severe 
yellowing and necrosis- were visible on inoculated leaves of amiR-HC- 
Pro 159 and wild-type plants at 10 d.p.i. (Fig. 3b). On the other hand, 
nly mild chlorosis appeared on TuMV- inoculated leaves of amiR- 
P69 159 and wild-type plants at the same temperature. For both types 
of transgenic plants, amiRNA-mediated specific virus resistance was' 
maintained at 15 °C (Fig. 3b,c). 



DISCUSSION 

We show here that A. thaliana transgenic plants carrying a 35S-pre- 
amiRNA can express mature, 21-nt amiRNAs at high levels by a 
process that requires DCL1. Moreover, the amiRNAs can mediate 
target viral RNA cleavage to confer virus resistance. The resistance is 
highly specific to the amiRNA/virus pair and therefore can not be 
explained by the induction of some general host resistance mechanism 
by the amiRNAs. The resistance is detected at the cell level and 
is hereditable. 

The amiRNA-mediated approach has several, advantages. First, no 
viral cDNA fragment is used "and any conserved or specific 21-nt 
antisense sequence from the viral RNA genome can be chosen 26 . In 
addition, by computer prediction, it should be possible to select a • 
sequence with no extensive homology to any A. thaliana genes. Second, 
the 21-nt sequences of miR159 and miR159* (the complementary 
strand to miR159 in pre-miR159) can be easily replaced with any 
artificial sequences targeting any viral RNAs by PCR. Third, a binary 
plasmid carrying the 35S-pre-amiRNA can be first assayed by transient 



expression in N. benthaminiana leaves for 
j& $<p - amiRNA expression and cleavage efficiency 

? ^ of target mRNA. As the amiRNA gene is 

dominant, the resistance phenotype can be 

15 " c . screened at the T| or even T 0 generation. 

Comparison of the four different TYMV 
strains (BL, J04373, X07441 and X16378) showed that the 21-nt target 
sequence of amiR-P69 159 is fully conserved, suggesting that the amiR- 
P69 159 plants should be resistant to all the strains (see Supplementary 
Fig. 5 online). Similarly, the amiR-HC-Pro 159 plants should be 
resistant to at least 36 out of the 78 TuMV strains, whose HC-Pro 
genes show full sequence complementarity to the 21-nt sequence of 
amiR-HC-Pro 159 (see Supplementary Fig. 5a,b online). 

It is generally recognized that not all siRNA species against a given 
mRNA target are equally effective and some siRNAs show limited 
efficacy because of extensive positional effects, for example, secondary 
structure, along the mRNA 37 . A similar situation may also apply to 
amiRNA-mediated cleavage of target mRNAs or viral RNAs. Although 
we have not extensively investigated this possibility we found that 
amiRNA directed against a 21-nt sequence of the viral RNA encoding 
the TuMV coat protein was as effective as that against the HC-Pro 
sequence supporting the general utility of this method. 

Low temperatures are known to inhibit accumulation of siRNAs in 
insect, plant and mammalian cells 36,38,39 and both virus- and trans- 
gene- triggered RNA-silencing become attenuated 36 . It is, therefore, not 
surprising that siRNA- mediated virus resistance breaks down at low 
temperatures 36 . By contrast, amiRNA expression levels are similar 
between 15 °C and 24 °C and the amiRNA plants continue to resist 
virus at 15 °C, suggesting that target RNA cleavage still occurs at this 
temperature. In Brassicaceae, cold-season, bi- annuals such as turnips 
require 15-18 °C for optimum growth. As both TYMV and TuMV 
infect Brassica crops even at these low temperatures, the amiRNA- 
mediated strategy should prove useful for engineered virus resistance 
of low- temperature crop plants. 

A number of environmental concerns have been raised regarding 
the large scale use of virus -resistant transgenic plants 5 irrespective of 
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whether the resistance is mediated by RNA or protein. Potential risks 
include 5 ' 4(M3 : (i) possible recombination between the virus-derived 
transgene and nontarget viruses; (ii) possible transmission by unre- 
lated viruses, through trans-encapsidation or enhanced seed or pollen 
transmission; (iii) possible synergy with unrelated viruses; (iv) possi- 
ble gene flow from transgenic pollen to weedy relatives; . and 
(v) possible production of new allergens or toxic proteins in trans- 
genic plants. With the exception of iv, these potential risks can be 

>, minimized by the a miRNA- mediated approach, which uses only a 

o short, 21-nt sequence. 

c The importance of suppressors in viral pathogenesis has prompted 
g us to exemplify the efficacies -of the amiRNA- mediated virus-specific 

0 resistance strategy by first targeting suppressor-encoding sequences of 
"8 two different RNA viruses. Subsequently, we found that transgenic 
2 plants expressing arniR-TuCP 1 59 , which targets the TuMV coat protein 
c sequence, are also resistant to TuMV infection. These observations, 
§ along with the generality of miRNA action, suggest that the amiRNA 

2 strategy should be broadly applicable to other viruses as well. Under 
= field conditions, virus may evade the amiRNA surveillance mechanism 
c and overcome the specific resistance by mutations. However, in the 

1 case of suppressor-specific amiRNAs, mutations within conserved 
5 sequences may attenuate suppressor function and weaken virus 
a virulence 44 . Moreover, this potential problem of possible resistance 
J= breakdown can be mitigated by coexpressing several amiRNAs target- 
Q- ing different sequences of the same virus. 

O As mixed infection is common in the field, we have challenged 
<3 amiRNA transgenic plants with both TYMV and TuMV. We observed 
c a breakdown of specific resistance for some transgenic plants in 
■g- co-infection experiments. Several factors, including the relative rate 
5 of virus replication and the efficiency of viral RNA cleavage, are 
£ expected to influence the outcome of such experiments. A more rapid 
o replication of the nontargeted virus and subsequent accumulation of 

3 its silencing suppressor would inhibit the host miRNA machinery and 
2? block cleavage of the targeted viral RNA by its cognate amiRNA. 
g Therefore, it is not surprising to see a breakdown of specific virus 
g resistance in some transgenic plants. However, any possible break- 
© down of specific virus resistance because of a prior infection by an 
^.unrelated virus could be obviated by expressing in the same plant 
KjgamiRNAs targeting two different viruses. Indeed, we show here that 
^transgenic plants expressing both amiR-P69 159 and amiR-HC-Pro 159 

were resistant to co-infection by TYMV and TuMV. Taken together, 
our observations indicate the possibility to engineer broad spectrum 
resistance to several viruses by co-expression of appropriately designed 
multiple amiRNAs. 

METHODS 

Construction of artificial pre-amiRNAs. A 273-bp fragment containing the 
entire sequence of the A. thaliana miR159a (see below) was cloned by PCR 
amplification using primers miR159-Fl (5'-CACCACAGTTTGCTTATGTCG 
GATCC-3') and miR159-XmaI-Rl ( S'-TGACCCGGGATG TAGAGCTCCCTT 
CAATCC -3'). The miR159-Xmal-Rl contains 18 of 21 nucleotides of the 
mature miR159 (underlined) and an introduced Xmal site (italic). The PCR 
fragment was cloned into pENTR vector (lnvitrogen) according to the 
manufacturer's instructions to obtain pENTR-pre-miR159a. Mutagenesis of 
pre-miR159a was performed by PCR with amiR-HC-Pro ,59 -Fl and amiR-HC- 
Pro l59 -Rl primers. The amiR-HC-Pro 1 59 -Fl primer ( 5'- AAG ATAGATCTTG 
ATCTGACGATGGAAG CAGTCGAGTGCGTGAGCAAGT CATGAGTTGAGCA 
GGGTA-3') contains a Bglll site (italic) and the amiR-HCPro 159 * sequence 
(underlined). The amiR-HC-Pro 1 59 -Rl (5'- AAGACCCGGGATGCACTCGA 
GTGCGTGAGCAAGT GAAGAGTAAAAGCCATTA-3') contains an Xmal 
site (italic) and the mature amiR-HC-Pro 159 reverse complementary 
sequence (underlined). 



PCR amplification of the miR159a precursor using the above primers and 
pENTR-pre-miR159a DNA as a template generated a DNA fragment that was 
subsequently digested with Bglll and Xmal The BglU-Xmal fragment was 
inserted into pENTR-pre-miR159a to generate pENTR-pre-amiR- HC-Pro 159 . 
The point mutations introduced rendered the miRNA:miRNA* pair fully 
complementary. Gateway system (lnvitrogen) procedures were used to transfer 
the amiR-HC-Pro 159 precursor to the plant binary Gateway destination vector 
pBA-DC-myc 45 generating p&Vpre-amiR-HC-Pro 159 , in which the pre- 
amiR- HC-Pro 1 59 sequence is placed downstream of a 35S promoter. 

In the case of amiR-P69 159 two forward oligonucleotides amiR-P69 ,59 -Fl 
and F2 and two reverse oligonucleotides amiR-P69 159 -Rl and R2, were 
designed to change the miR159a sequence to a synthetic sequence targeting 
the P69 mRNA coding sequence from TYMV. The primer amiR-P69 l59 -Fl (5'- 
GGAAG CCACAAGACAATCGAGACTTT CATGAGTTGAGCAGGGTA-3Q con- 
tains the synthetic amiR-P69 159 * sequence (underlined). The primer 
amiR-p69 l59 -F2 (5'-TCGATAGA7X:TTGATCTGACGATGGAAGCCACAAGA 
CAATCGAGA-3') contains a partial amiR-P69 ,59 -Fl sequence (bold) and a 
Bglll site (italic). 

The primer amiR-P69 l59 -Rl (5'- CCACAAGACAATCGAGACTTT CAAC 
AGTAAAAGCCATTAA-3') contains the synthetic amiR-P69 ,S9 sequence 
(underlined). The primer amiR-P69 159 -R2 ( 5'-CCCTTTG ACCCGGGATGC 
(>CAAGACAATCGAGACTTT-3') contains a partial amiRP69 159 -Rl sequence 
(bold) and an Xmal site (italic). 

Two rounds of PCR were performed to amplify a 227-bp DNA fragment that 
contains the amiR-P69 159 and amiR-P69 159 * sequences. Plasmid pENTR-pre- 
miR159a (as a template) and primers amiR-P69 l59 -Fl and amiR-P69 l59 -Rl 
were used in the first round PCR. In the second round, the PCR product of the 
first round was used as a template along with primers amiR-P69 l59 -F2 and 
amiR-P69 IS9 -R2 to produce the 227-bp DNA fragment. After digestion with 
BglU and Xmal the DNA fragment was cloned into BgH l-Xma!-digested 
pENTR-pre-miR159a vector to generate pENTR-pre-amiR-P69 159 . Gateway 
system procedures were used again to transfer the amiR-P69 i59 precursor to 
pBA-DC-myc generating pBA-pre-amiR-P69 159 . In this vector the pre-amiR- 
P69 159 sequence was placed downstream of a 35S promoter. 

To construct amiRNA against the TuMV coat protein sequence, we designed 
amiRTuCP-Fl ; ( 5'- AAGATA GATCTTG ATCTC ACGATGG AAG GCCAAG AT 
ACGAGCAGAGAGT CATGAGTTGAGCAGGGTA-3') contains synthetic amiR- 
TuCP 159 * sequence (underlined) and a Bglll site (italic) and "amiR-TuCP ,59 -Rl 
(5'-AAGACCCGGGATG GCCAAGATACGAGCACAGAGT GAAGAGTAAAAG 
CCACCA-3') contains synthetic arniR-TuCP 159 sequence (underlined) and an 
Xmal site (italic) to change the miR159a sequence to a synthetic sequence 
targeting the TuMV coat protein sequence (8988 nt-9008 nt). The PCR 
fragment was first digested with Bglll and Xmal before being cloned into 
Bg/lI-XmaJ-digested pENTR vector to generate pENTR-pre-amiR-TuCP 159 . 
The pre-amiR-TuCP 159 fragment was transferred to a binary vector con- 
taining a 35S promoter by. Gateway recombination to generate. pBA- 
pre-amiR-TuCP 159 . 

To construct the dimeric pre-amiR-P69 159 -amiR-HC-Pro ,59 1 we ligated the 
two PCR fragments of amiR-P69 159 and amiR-HC-Pro 159 with compatible 
cohesive ends obtained by previous digestions with Spel and Avrll. The ligation 
product was used as a template for a second round of PCR with amiR-P69 159 - 
F2 and amiR-HC-Pro t59 -Rl primers. The fragment obtained from the second 
PCR was digested with Bglll and Xmal and cloned into pENTR vector to 
generate pENTR-pre-amiR-P69 l59 -amiR-HC-Pro 159 . The dimeric amiRNA 
precursor was placed downstream of a 35S promoter by transfer into a binary 
vector using Gateway recombination to generate pBA-pre-amiR-P'69 159 - 
amiR-HC-Pro f59 . 

Construction of cDNA encoding viral suppressors. Full length cDNAs 
encoding P69 and HC-Pro were cloned from infectious clones of TYMV 46 
and TuMV (Yen, S.D., unpublished data), respectively, by PCR. For the P69 
cDNA, the. primers were P69-F1 (5'-CACCATGAGTAACGGCCTTCC-3') and 
P69-R1 (5'-ATCGGTGTCGGGGGCGCTGCCGTAGTC-3'). For the HC-Pro 
gene, the primers were HC-F1 ( 5'-CACCATGAGTGCAGCAGGAGCCAAC- 3') , 
and HC-R1 ( 5'-TCCGACACGGTAGTGTTTTAAGCTTG A- 3') . The P69 cDNA 
and the HC-Pro cDNA were cloned into the pENTR/D vector (lnvitrogen.) 
before being transferred to the pBA-DC-HA vector 15 by recombination using 



1426 



VOLUME 24 NUMBER 11 NOVEMBER 2006 NATURE BIOTECHNOLOGY 



ARTICLES 



the LR Clonase enzyme (Invitrogen) and generating pBA-P69-HA and pBA- 
HC-Pro-HA. respectively. Both viral suppressor genes were fused a I the 3' end 
with DNA sequences encoding hemagglutinin (HA) and the fusion gene placed 
downstream of a 35S promoter. 

Plant material and growth conditions. Plants of A. thaliana ecotype Columbia 
(Col-0) were transformed with Agrobacterium tumefaciens containing the pBA- 
amiR-P69 159 or pBA-amiR-HC-Pro 159 plasmid by the floral dip method 47 . 
T 2 transgenic plants (a mixture of homozygotes and hemizygotes) were 
>, analyzed for transgene and miRNA levels and four independent lines of each 
O construct were used for virus challenge experiments. In addition, homozygous 
g T 3 progeny plants were used for some experiments. Homozygous amiR-P69 159 
■g plants (no. 2-5) and amiR-HC-Pro 159 (no. 12-4) were crossed with dcll-9. dell -9 
£ mutant carrying 35S-pre-amiRNA transgene were selected from T 2 progeny and 

2 analyzed. Seeds were surface sterilized and chilled at 4 °C for 2 d before either 
£ growth on Murashige and Skoog (MS) medium with/without antibiotics or 

planting on Florobella potting compost/sand mix (3:1). Plants were maintained 
| ina growth room (16 h light/8 h darkness, 20 to 25 °C). For low temperature 

0 treatments, seedlings were grown on MS medium or soil at 15 °C in a 16 h Light/ 
o) 8 h darkness cycle for 3 weeks. 

3 ... 

to Transient expression by agro-infiltration of N. benthamiana. Four constructs, 
| pBA-pre-amiR-HC-Pro 159 , pBA-pre-miR-P69 159 , pBA-P69-HA and pBA-HC- 

1 Pro-HA, were used to infiltrate N. benthamiana leaves by agro-innltration 16,48 . 
=?: Two days after infiltration, total RNA was extracted from the infiltrated leaves 
£ using the RNeasy Plant Mini Kit (QIAGEN) and analyzed by 5'RACE. 

-c 

a Analysis of in vivo miRNA-directed cleavage. To identify products of miRNA- 
O directed cleavage, we used the First Choice RLM-RACE Kit (Ambion) in 
(j 5'RACE experiments. We used 2 ug total RNA for direct ligation to the RNA 
O) adaptor without further processing of the RNA sample. Subsequent steps were 
"Jj -cione according to the manufacturer's directions. PCR fragments obtained from 
.2 5'RAC£ experiments were cloned into the pPCR-Script AMP SK(+) vector 
•Q (Stratagene) and individual clones were analyzed by DNA sequencing. 
O. 

0) Northern blot hybridizations. Total RNA was extracted from leaves using the 
□ Trizol reagent (Invitrogen). Ten ug total RNA was resolved in a 15% poly- 
" acrylamide/lx TBE (8.9. mM Tris, 8.9 mM boric acid, 20 mM EDTA)/8 M 
^ urea, gel and blotted to a Hybond-N + membrane (Amersham). DNA oligonu- 
§ cleotides with the exact reverse -complementary sequence to miRNAs were 
w end-labeled with 32 P-y-ATP and T4 polynucleotide kinase (New England 
® Biolabs) to generate high specific activity probes. Hybridization was carried 
pfrk nut using the ULTRAHyb-Oligo solution according to "the manufacturer's 
glpdirections (Ambion), and signals were detected by autoradiography. In each 
case, the probe contained the exact antisense sequence of the expected miRNA 
to be detected. 

Microarray analysis. Microarray analyses using the Affymetrix ATH1 platform 
were performed with three biological replicates using wild-type plants and 
amiR-P69 159 and amiR-HC-Pro 159 transgenic plants. Seedlings were grown on 
1 x MS medium with 1% sucrose for 14 d. One ug of total RNA was used for 
reverse transcription using MessageAmp 11 aRNA kits (Ambion) and 15 ug of 
labeled cRNA for hybridization. GeneChip hybridization and scanning were 
performed at the Genomic Resource Center, Rockefeller University, New York 
(http://www.rockefeller.edu/genomics). 

Statistical analysis of microarray data. Statistical analysis of microarray data 
was performed by Genespring GX 7.3.1 software (Agilent). Normalized 
expression estimates were obtained using GC robust multiarray average 
(gcRMA) and present calls for genes in control (wild type) were obtained. 
All present genes were filtered by 1.5-fold change of expression level in the 
amiRNA transgenic lines. The Welch-f-test (variances not assumed equal) was 
used for parametric test. The P < 1% of Benjamin! and Hochberg False 
Discovery Rate was adjusted for multiple testing correction. 

Viruses and challenge inoculations of plants. N. benthamiana leaves were 
inoculated with TuMV YC5 strain (GenBank AF530055) 49 and chimeric 
TuMV-GFP contains a GFP gene inserted in between the Nib and the coat 
protein gene (Yeh, S.D., unpublished data). Two weeks later infected leaf tissues 



( 1 g) containing 900 ng/mg tissue of TuMV viral RNA were extracted in 20 ml 
of 50 mM potassium phosphate buffer (pH 7.0), and the extract used as a 
TuMV inoculum. Leaves of 4-week-old plants of wild-type A. thaliana (col-0) 
were inoculated with TYMV Blue Lake strain (TYMV BL) (GenBank 
AF035403) 46 and 1 week later leaf tissues (1 g) containing 690 ng/mg tissue 
of TYMV viral RNA were extracted with 10 ml of 50 mM potassium phosphate 
buffer (pH 7.0). The extract was used as a TYMV inoculum. T 2 (amiR-P69 159 
nos. 1, 2, 3 and 7; amiR-HC-Pro 159 nos. 10, 11 and 12) or T 3 (amiR-P69 159 nos. 
1-1, 2-5, 3-1 and 7-1; amiR-HC-Pro 159 nos. 10-1, 11-3 and 12-4) plants of 
different transgenic lines expressing either amiR-P69 ,S9 or amiR-HC-Pro 159 
were grown in a greenhouse for 4 weeks (5- to 6-leaf stage). Plants were dusted 
with 600-mesh carborundum on the first to fourth leaf and then gendy rubbed 
with 200 ul TuMV or TYMV inoculum, wild-type (col-0) plants were used as 
controls. Equal volumes of TuMV and TYMV inocula were mixed and used for 
co-infection experiments. All inoculated plants were kept in a greenhouse 
(23-28 °C) and development of symptoms was monitored daily for 2 weeks for 
TuMV experiments and 1 week for TYMV experiments. TuMV-GFP inoculated 
leaves were examined 5-7 d.p.i. with an LSM 510 confocal microscope (Zeiss). 

EL1SA and time course of virus accumulation. Leaf tissues ( 10 mg). from 
different systemic leaves of each plant infected with TuMV or TYMV were 
collected at 0, 3, 6, 9 and 12 d.p.i., and assayed by indirect EL1SA using a 
polyclonal antiserum to the TuMV coat protein 49 or the TYMV coat protein 
(Loewe Biochemica). Goat anti-rabbit immunoglobulin G conjugated with 
alkaline phosphatase (Amersham Biosciences) was used as a secondary anti- 
body and p-nitrophenyl phosphate (Sigma) was used as a substrate' for color 
development. Results were recorded by measuring absorbance at 405 nm using 
a VERSAmax Tunable Microplate Reader (Molecular Devices). 

Western blot analyses. Systemic leaves from inoculated plants were homo- 
genized in 20 volumes (wt/vol) of denaturing buffer (50 mM Tris-HCl, pH 6.8, 
4% SDS, 2% 2-mercaptoethanol, 10% glycerol and 0.001% bromophenol blue). 
After incubation at- 100 °C for 5 min, extracts were clarified by centrifugation at 
8,000g for 3 min. Total proteins were separated by SDS gel electrophoresis and 
western blots were analyzed using polyclonal antiserum to TuMV coat protein 
or TYMV coat protein. Gels were stained with Coomassie brilliant blue R250 
and levels of the large subunit of RUB1SCO (molecular mass, 55 kDa) were 
used as loading controls. 

Note: Supplementary information is available on the Nature Biotechnology website. 
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Post-transcriptional gene silencing (PTGS) of a green 
fluorescent protein (GFP) transgene is suppressed in 
Nicotiana benthamiana plants infected with potato virus 
Y (PVY) or with cucumber mosaic virus (CMV), but 
not in plants infected with potato virus .X (PVX). By 
expressing PVY and CMV-encoded proteins in a PVX 
vector we have shown that the viral suppressors of 
gene silencing are the HCPro of PVY and the 2b 
protein of CMV. The HCPro acts by blocking the 
maintenance of PTGS in tissues where silencing had 
already been set, whereas the 2b protein prevents 
initiation of gene silencing at the growing points of the 
plants. Combined with previous findings that viruses 
are both activators and targets of PTGS, these data 
provide compelling evidence that PTGS represents a 
natural mechanism for plant protection against viruses. 
Keywords: cucumber mosaic virus/gene silencing/potato 
virus X/potato virus Y/virus resistance 



Introduction 

Post-transcriptional gene silencing (PTGS) in transgenic 
plants involves sequence-specific degradation of RNA. 
The targeted RNA species are similar to the transcribed 
part of a silencer transgene and, in plants exhibiting PTGS, 
there is only a low level of the transgene RNA even if 
transcription is at a high level (Depicker and Van Montagu, 
1997). In addition, if the silencer transgene is similar to 
an endogenous gene, there is only a low level of the 
corresponding endogenous gene RNAs (Matzke and 
Matzke, 1995). PTGS can also be targeted against viral 
RNA, (Lindbo et aL, 1993; Smith ex aL, 1994; Guo and 
Garcia, 1997) and extrapolating from this finding, it has 
been proposed that PTGS is a manifestation of a natural 
virus resistance mechanism in plants (Baulcombe, 1996; 
Pruss et a/., 1997). According to this idea, PTGS is 
activated in plants when the transgene, or its RNA, is 
perceived as a virus (Ratcliff et al., 1997). 

In support of the proposed relationship between PTGS 
and natural virus resistance, it has been shown that 
tobamo-, potex- and geminiviruses are activators as well 



as targets of gene silencing, provided they share sequence 
homology with a nuclear gene (Kumagai et al., 1995; 
English et al., 1996; Kjemtrup et a/., 1998; M.T.Ruiz 
et aL, 1998). Furthermore, caulimo- and nepoviruses 
induce a PTGS-like resistance mechanism even if there is 
no sequence similarity between the virus and nuclear 
genes (Covey et aL, 1997; Ratcliff et aL, 1997). This 
mechanism causes the systemically infected leaves to be 
symptom-free, to have only low levels of the virus and to 
have RNA sequence-specific resistance against challenge 
virus infection (Ratcliff et aL, 1997). 

If there is a natura>PTGS-like virus resistance in plants, 
it is likely that virusdS would evolve strategies to avoid or 
suppress this mechanism. This idea was first developed 
based on the analysirof plants infected with two viruses in 
which the disease symptoms were more severe than in plants 
infected with either of the two viruses alone (Pruss et al, 
1997). In plants infected with a poty virus this synergism 
was due to suppression of a host defense mechanism by the 
PI -HC-protease (P l^CPro) (Pruss etaL, 1 997). Following 
from this discovery^ was suggested that PI -HCPro is 
targeted against a P^S-like resistance mechanism. 

A second candidate suppressor of a PTGS-like resistance 
mechanism is the 2b protein encoded in cucumber mosaic 
virus (CMV) (Ding-^i al., 1995). This protein is required 
for long distance transport of CMV (Ding et aL, 1995) 
and is now thought £ ; act by-suppressing a host resistance- 
mechanism (L.H.J i, W.X.Li and S.W.Ding, in preparation). 
In the absence of this-suppressor, the resistance mechanism 
would prevent entr^. trans location or exit of CMV from 
the phloem of infected plants. It is conceivable that this 
resistance could rely^on a PTGS-like mechanism. 

Here, we test the hypothesis that the PI -HCPro and 2b 
proteins are suppressors of PTGS. Plants exhibiting PTGS 
of a green fluorescent protein (GFP) transgene were 
infected with a poxvirus (potato virus'Y, PVY) or with 
CMV. We also infected silenced plants with potato virus 
X (PVX) and with chimeric constructs carrying coding 
sequences from PVY and CMV in a PVX vector. If PVY 
or CMV produce suppressors of a PTGS-like resistance 
mechanism we predicted that infection by PVY, CMV or 
the PVX vectors would interfere with PTGS. The outcome 
of these experiments was consistent with this prediction 
and reveals that HCPro and the 2b protein suppress 
different stages of PTGS. The results implicate a PTGS- 
like mechanism as a limiting factor in the accumulation 
and spread of PVY, PVX and CMV. Moreover, as these 
are unrelated viruses, it is likely that this mechanism is a 
generalized anti-viral defense in plants. 

Results 

Reversion of GFP silencing by wild-type PVY 

From the analysis of plants infected with a potyvirus and 
a second virus, it had been shown that potyviruses encode 
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Fig. 1. PTGS 6f a GFP transgene induced by infiltration with 
A Jumefacietiss]jky Schematic representation of the experimental 
system. GFP sirericing was induced in transgenic N.benthamiana (line 
16c) by infiltration" with a hypervirulent strain of A. tumefaciens 
carrying a bina^Yi.plasmid shown in (B). Complete GFP silencing 
was achieved arlO days post- infiltration and plants appeared 
uniformly red under UV illumination. It was at this stage that plants 
were ready fcr;^rus inoculation. (B) Structure of the binary-Ti 
plasmid cassette used to generate transgenic N.benthamiana plants 
(line 16c) expressing GFP and-to induce GFP silencing in plants from 
line 16c by A.tumefaciens (strain cor308) infiltration. The right and 
left borders of the T-DNA (RB and LB) flank a kanamycin resistance 
gene (KanR) injanos promoter (pnos) and nos terminator (nos) 
cassette. (C) Nicotiana benthamiana plant (line 16c) showing high 
levels of GFP,expression under UV illumination. (D) Nicotiana 
benthamiana plant (line 16c) after induction of gene silencing by 
infiltration withra hypervirulent strain of A.tumefaciens carrying the 
binary-Ti plasmid shown in (B). The bright red colour is due to 
chlorophyll fluorescence under UV illumination. 



a suppressor of a host plant defense against virus infection 
(Pruss et aL; 1997). To investigate the relationship of this 
defense mechanism to PTGS we inoculated PVY, the 
type-member of the potyviridae, to transgenic Nicotiana 
benthamiana exhibiting PTGS of a GFP transgene. We 
predicted that there would be reversion of GFP silencing 
in the PVY-infected tissues if the suppressed defense 
mechanism is related to PTGS. 

Our experimental system involves lines of N.benthami- 
ana carrying a GFP transgene (Voinnet and Baulcombe, 
1997; M.T.Ruiz ex at., 1998). These plants accumulate a 
high level of GFP mRNA and appear uniformly green 
fluorescent under UV illumination (Figure 1C), whereas 
non-transformed plants appear red due to chlorophyll 
(M.T.Ruiz et al., 1998). PTGS of the GFP transgene. 
(Figure 1A) was induced by infiltration of lower leaves 
of 3-week-oId seedlings with a strain of Agrobacterium 
tumefaciens, as described previously (Voinnet and Baul- 



combe, 1997). This strain carried' a binary-Ti plasmid 
containing the same GFP expression cassette that was 
used for plant transformation (Figure IB). We showed 
previously that PTGS of GFP is initiated in the infiltrated 
zone and that a systemic GFP silencing signal spreads 
through the plant. Eventually the plant appears completely 
red under UV light (Figure 1C and D) (Voinnet and 
Baulcombe, 1997).' We have also shown that this systemic 
gene silencing is sequence-specific and acts at the post- 
transcriptional level (Voinnet et aL, 1998). 

To test for a suppressor of gene silencing, PVY was 
inoculated two weeks after infiltration when systemic gene 
silencing was complete in all tissues of the plants (Figure 
1A), except in the extreme meristematic zones which 
always remain non-silenced (Voinnet et al., 1998). By 2 
weeks post-inoculation, the GFP-silenced plants showed 
the systemic mild mottle and leaf curling symptoms of 
PVY, indicating that the virus had spread from the inocu- 
lated leaf. Under UV light, there were large regions of 
GFP fluorescence coinciding with the viral symptoms . 
(Figure 2A-C). Northern analysis of RNA extracted from 
these plants showed that the effects on GFP fluorescence 
were parallel to the levels of GFP mRNA. Thus, in mock- 
inoculated GFP-silenced plants (Figure 2D, track 10) the 
GFP mRNA levels were below the limit of Northern blot 
detection, whereas in plants infected with PVY, the levels 
were similar to those in non-silenced plants (Figure 2D, 
tracks 5, 6 and 11). One of the samples from a PVY- 
infected plant had only low level of GFP mRNA (Figure 
2D, track 7). However in this sample there was also only 
a low level of PVY RNA indicating a relationship between 
the levels of GFP mRNA and of PVY. We could rule out 
that these increased GFP mRNA . levels were due to a 
non-specific enhancement of transgene expression because 
PVY infection in non-silenced plants had no effect on the 
level of GFP mRNA (Figure 2D, track 8) or on GFP 
fluorescence (data not shown). We could also rule out, 
based on the effects of PVX, that reversion of silencing 
was a non-specific effect of virus infection. The symptoms 
of PVX are a mild mosaic like those of PVY. However 
the GFP-sileuced plants remained red-fluorescent after 
PVX infection (data not shown) and contained low levels 
of GFP mRNA (Figure 2D, tracks 1, 2 and 3). Therefore, 
from the analyses of RNA^and GFP-fluorescence, these 
results are consistent with a suppressor of PTGS encoded 
in the PVY genome. 

Reversion of GFP silencing by PVX-PVY 
recombinant viruses 

The N-terminal PI and HCPro poty viral proteins have 
been implicated in suppression of host defense (Pruss 
et aL, 1997). In order to test the role of these proteins in 
the suppression of gene silencing, a series of PVX vectors 
carrying PVY gene sequences were generated (Figure 3) 
and inoculated to N.benthamiana plants exhibiting sys- 
temic PTGS of GFP. The PVX vectors are named according 
to the PVY-encoded protein produced in the infected 
plants. Thus, the pTXYHC vector produces HCPro: pTX 
refers to the backbone of these constructs which is a full- 
length cDNA of PVX (pTXS; Kavanagh et aL 1992) and 
Y refers to PVY. The plasmids carrying these constructs 
are pTXY**, where ** identifies the PVY protein. The 
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Fig. 2. Suppression of PTGS by PVY. (A) GFP-silenced 
N.benthamiana (line 1 6c) infected with PVY under UV illumination 
(15 days post- inoculation). The green fluorescence reveals that PTGS 
of GFP was lost in the PVY-infected tissue. Close-up views of a leaf 
and stem from the same plant are shown in (B) and (C), respectively. 
(D) Northern analysis of RNA extracted at 15 days post-inoculation 
from non-transformed (NT) and 16c N.benthamiana inoculated with 
PVX (TXS), PVY or mock-inoculated. Silenced (S) and non-silenced 
(NS) plants of line 16c were used in the experiment. Five micrograms 
• of total RNA per sample were fractionated by electrophoresis on 0.9% 
(w/v) agarose-formaldehyde gels, blotted onto a nylon membrane and 
hybridized with probes specific for either PVX, PVY or GFP, as 
indicated. 



viruses produced when the transcripts of these plasmids 
were inoculated are simply TXY**. 

Most of these TXY** viruses induced mosaic symp- 
toms, like the wild-type PVX (data not shown). However, 
TXYHC produced symptoms that were much more severe 
than those of wild-type PVX, inducing necrosis in stems 
and leaves, in addition to stunting of the infected plants 
(Figure 4A and C), as described previously for a PVX 
construct expressing the HCPro of tobacco etch virus 
(TEV) (Pruss et al., 1997). 

The TXYP1 and TXYCP viruses were similar, to PVX 
(TXS) in that they had no effect on GFP silencing. Under 
UV illumination, at 2 weeks post inoculation, GFP- 
silenced plants infected with these constructs remained 
red, indicating that there had been no suppression of GFP 
gene silencing. Correspondingly, the GFP mRNA levels 
remained low in these plants (Figure 4F, tracks 1-4 and 
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Fig. 3. Schematic representation of the PVX vector and chimeric . 
constructs incorporating PVY and CMV coding sequences. Individual 
sequences were inserted into- the pP2C2S PVX vector using the Cla\ 
and Sail cloning sites (Baulcombe et al., 1995). Expression of the 
insert and the PVX coat protein is controlled by duplicated PVX coat 
protein promoters indicated by a solid bar. The inserted PVY 
sequences are labeled: PI, 31 kDa N-terminal protein; HCPro, helper 
component protease; Nib, nuclear inclusion b; CP, coat protein. 2b 
refers to the CMV RNA 2-encoded protein required for long distance 
movement of the virus. Mutant versions of the HCPro and the 2b 
ORFs were also introduced-jnto the PVX vector.. In the pTXYHCA 
construct there was a -1 frame-shift in the first codon of the HCPro 
open reading frame (Al), The pTXMV-2bA construct had a single 
nucleotide substitution (T->A) that converted the fourth codon (TTG) 
of the 2b ORF to a stop codon (TAG). 



10-13). However, in TXYHC- infected plants, there were 
large green fluorescent" regions coinciding with the viral 
symptoms (Figure 4A-E). This effect was evident in all 
infected tissues, including stems (Figure 4E) and leaves 
(Figure 4C and D) that were already developed at the 
time of virus inoculation. Northern blot analysis showed 
that GFP mRNA levels had increased in these green 
fluorescent tissues and that the amount .of GFP mRNA 
correlated with the relative amounts of TXYHC present 
in the sample (Figure 4F, tracks 5-9). We can rule out the 
possibility that the effect of TXYHC on gene silencing 
was an RNA-mediated effect because TXYHCA, with a 
frame-shift mutation at the 5' end of the HCPro insert, 
did not suppress GFP gene silencing (Figure 4G, tracks 
1-4). The symptoms of TXYHCA were mild, like those 
of wild-type PVX. 

To rule out that suppression of GFP silencing was a 
secondary effect of. the severe symptoms caused by 
TXYHC, we inoculated GFP-silenced plants with TXY- 
Nlb. Like TXYHC, TXY Nib is highly necrogenic and 
causes death of the infected plant by 3 weeks post 
inoculation (data not shown). Analysis of TXYNIb- 
infected plants showed that GFP fluorescence and mRNA 
levels remained low in the severely symptomatic tissues 
(Figure 4G, tracks 5-7). From this, we conclude that 
HCPro of PVY is a direct suppressor of gene silencing 
and host defense in infected plants. 
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Fig. 4. Suppression of PTGS by TXYHC. (A) GFP-silenced 
N.benthamiana (line 16c) under white light showing symptoms of 
TXYHC infection (-15 days post-inoculation). The same plant, shown 
under UV illumination in (B), revealing that PTGS of GFP was 
suppressed in all symptomatic tissues infected with the chimaeric 
virus. (C) Close-up of a leaf from the same plant under white light. 
(D) Close-up of the same leaf under UV illumination showing the 
co-localization of GFP expression with viral symptoms. (E) Close-up 
of the stem. (F and G) Northern analyses of RNA extracted at 15 days 
post-inoculation from non-transformed (NT) and N.benthamiana (line 
16c) inoculated with PVX (TXS), TXY** recombinant viruses or 
mock-inocuiated. Silenced (S) and non-silenced (NS) plants of line 
16c were used in the experiments. Five micrograms (F) or 1 |xg (G) of 
total RNA per sample were fractionated by electrophoresis on 0.9% 
(w/v) agarose-formaldehyde gels, blotted onto nylon membranes and 
hybridized with probes specific for PVX or GFP RNAs, as indicated. 
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Fig. 5. Suppression of PTGS by CMV. (A) GFP-silenced 
N.benthamiana (line 16c) infected with CMV (21 days post- 
inoculation). GFP expression was restored in the newly emerging 
tissue after systemic CMV infection had been established. . 
(B) Northern analysis of RNA extracted at 15 days post CMV 
inoculation from silenced (S) and non-silenced (NS) N.benthamiana 
plants of line 16c and from non-transformed plants. These plants were 
either infected with CMV or were mock inoculated. The RNA samples 
were taken either from old leaves (OL) that had emerged before 
systemic CMV infection or from new leaves (NL) emerging after 
CMV had spread systemically. Five micrograms of total RNA per 
sample were fractionated by electrophoresis on a 0.9% (w/v) agarose- 
formaldehyde gel, blotted onto a nylon membrane and hybridized with 
probes specific for RNA2 of CMV or for GFP RNA. as indicated. The 
multiple RNA species hybridizing to the CMV probe may represent 
degraded or subgenomic RNAs and have been described previously 
(Baulcombe et ai t 1986). 



Reversion of GFP silencing by wild-type CMV 

To determine whether viruses other than potyviruses can 
suppress gene silencing, we carried out experiments similar 
to those described above but with CMV instead of PVY. 
CMV was selected for these experiments because, like 
potyviruses, it encodes a suppressor of host defense 
(L.H.Ji, W.X.Li and S.W.Ding, in preparation). Three 
weeks post-inoculation there were mosaic symptoms on 
the upper leaves of the plants. Under UV light, the. 
symptomatic leaves of the GFP-silenced plants remained 
red-fluorescent if they had emerged from the growing 
points before virus infection. However, the leaves emerg- 
ing from the growing points after systemic spread of the 
virus became bright green-fluorescent (Figure 5A). There 
was no effect of CMV on the GFP fluorescence of 
non-silenced, plants (data not .shown). Northern analysis 
revealed that the GFP fluorescence in the CMV- infected 
plants was correlated with the levels of GFP RNA: the 
red fluorescent leaves of the silenced plants had GFP 
RNA levels that were below the limit of detection (Figure 
5B, track 4) whereas in the newly emerging tissues, which 
were green fluorescent, GFP RNA levels were similar to 
those in non-silenced plants (Figure 5, tracks 5 and 6). 
The levels of GFP RNA on non-silenced plants were 
unaffected by CMV infection (Figure 5B, tracks 3 and 6). 
From these results, we conclude that CMV encodes a 
suppressor of PTGS. However, because CMV and PVY 
do not suppress silencing in the same parts of the plant, 
these viruses must block different stages in the gene 
silencing mechanism. 

Reversion of GFP silencing by PVX-CMV 
recombinant viruses 

The putative CMV-encoded suppressor of host defense is 
the 2b protein (Ding et a/., 1995). By analogy with the 
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potyviral HCPro, we considered that the ability of the 2b 
protein to suppress a plant defense mechanism could be 
due to its ability to suppress PTGS. To test this hypothesis, 
we inoculated a PVX vector expressing the CMV 2b 
protein (TXMV-2b; Figure 3) to GFP-silenced N.benthami- 
ana. We also infected GFP-silenced plants with TXYMV- 
2bA in which a single nucleotide substitution (U to A) 
converted the fourth codon (UUG) of the 2b open reading 
frame (ORF) to a stop codon (UAG) (Figure 3). 

By 3 weeks post-inoculation, TXMV-2b produced 
symptoms that were much more severe than those produced 
by wild-type PVX or by TXMV-2bA (Figure 6A). Instead 
of the normal mild mosaic symptoms of PVX, TXMV-2b 
induced necrosis on the systemically infected leaves and 
stem, leading to death of the plants (Figure 6A). However, 
at 14 days post- inoculation, before the systemic necrosis 
had developed, the newly emerging leaves of TXMV-2b- 
infected plants were green fluorescent under UV illumin- 
ation. As in the CMV-infected plants, the leaves that had 
emerged prior to virus infection, although symptomatic, 
remained red fluorescent (Figure 6B-F). The phenotype 
of TXMV-2b-infected plants was associated with corres- 
ponding changes in the levels of GFP RNA. In the older, 
red-fluorescent leaves, the level of GFP RNA remained 
below the level of detection as in mock-infected leaves 
(Figure 61, tracks 2 and 4). In contrast, in the new green- 
fluorescent leaves the GFP RNA had increased to the 
levels of non-silenced plants (Figure 61, tracks 3, 5 and 6). 

From the symptoms of TXMV-2bA, we ruled out the 
possibility that the suppression of GFP silencing was an 
RNA-mediated effect of the 2b sequence. GFP silenced 
plants infected with this construct remained totally red- 
fluorescent (Figure 6G and H) and contained low levels 
of GFP mRNA as in the GFP-silenced plants that had 
been mock-inoculated "(Figure 61, tracks 2 and 7-9). We 
also ruled out the possibility that the suppression of GFP 
silencing was due to a non-specific enhancement of 
transgene expression by the 2b protein by showing that 
TXMV-2b had no effect oh GFP RNA or the green 
fluorescence of the non-silenced GFP lines (data not 
shown). Therefore, from the similarity of the CMV and 
TXMV-2b effects, we conclude that the 2b protein is 



Fig. 6. Suppression of PTGS by the 2b protein of CMV (A) Non- 
transformed N.benthamiano plants inoculated with TXMV-2bA (left) 
and TXMV-2b (right). The photograph was taken at 21 days post- 
inoculation and both plants were the same age when inoculated. 
(B) GFP-silenced N.benthamianci (line 16c) showing symptoms of 
TXMV-2b infection at 21 days post- inoculation. (C) The same plant 
shown under UV illumination revealing the PTGS of GFP persisted in 
symptomatic leaves that had emerged from meristems before systemic 
infection but that it is suppressed in the post emergence leaves. 
(D and E) Aerial views of the plant shown in (B) under white light 
and UV illumination. (F) The apical zone from the image in (E). 
(G and H) GFP-silenced N.benthamiano (line 16c) showing symptoms 
of TXMV-2bA under white light (G) and UV illumination (H). 
(I) Northern analysis of RNA extracted at 15 days post-inoculation 
from either NT, non-silenced (NS) or silenced (S) N.bentnamiatia 
(line 16c) inoculated with TXMV-2b and TXMV-2bA. The RNA 
samples were taken either from old leaves (OL) that had emerged 
before systemic virus infection or from new leaves (NL) emerging 
after the virus .had spread systemically. Five micrograms of total RNA 
per sample were fractionated by electrophoresis on a 0.9% (w/v) 
agarose-formaldehyde gel, blotted onto a nylon membrane and 
hybridized with probes specific for RNA 2 of CMV or for GFP RNA 
as indicated. 



the major suppressor of gene silencing encoded in the 
CMV genome. 

Discussion 

In this study, we identified two viral suppressors of PTGS 
in CMV and PVY. Our findings confirm the previously 
made suggestion chat PTGS in plants is a natural protection 
mechanism against viruses (Baulcombe, 1996; Pruss et al„ 
1997; M.T.Ruiz exal, 1998). Furthermore, by implicating 
PTGS in resistance against diverse types of RNA virus, 
our findings indicate that this mechanism has general 
significance in plant-virus interactions. 



Suppressors at different stages of PTGS 

The two viral suppressors of PTGS in plants identified in 
this work are HCPro encoded by the PVY genome and 
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the 2b protein encoded by the RNA 2 of CMV Expression 
of either of these proteins from a PVX vector suppressed 
PTGS of a GFP transgene (Figures 4 and 6). This effect 
was clearly protein- rather than RNA-mediated because 
there was no suppression of PTGS when the PVX vector 
carried modified, forms of the HCPro and the 2b coding 
sequences (Figures 4G and 6G). We can rule out that 
suppression of PTGS was due to a non-specific stimulation 
of the GFP transgene expression because GFP fluorescence 
and RNA levels remained unaffected in a non-silenced 
line infected with PVY, TXYHC or CMV (Figures 3D, 
4F and 5B). We can also rule out the possibility that the 
results obtained are an artefact associated with a virus 
vector because PI -HCPro of TEV expressed in transgenic 
plants is also a suppressor of PTGS (Anandalakshmi et aL, 
- 1998; Kasschau and Carrington, 1998). . . 

In a previous analysis of GFP silencing, we showed 
that initiation, systemic spread of a silencing signal and 
maintenance are separate stages of the PTGS mechanism 
(Voinnet. e/_a/ M W^^Here^ from the GFP phenotype in 
virus- infected plants, we have shown that these stages are 
differentially targeted by the. two viral suppressors. In 
plants infected with PVY or TXYHC there was suppression 
of PTGS in all of the symptomatic tissues, including the 
older leaves that would have received the systemic signal 
and initiated PTGS before the viruses had established 
infection (Figures 2 and 4). Based on these observations, 
'we conclude that HCPro must be blocking at least the 
maintenance stage of PTGS, although our data do not rule 
put the possibility that initiation and systemic spread are 
also affected. The extent of suppression of PTGS was 
correlated with the level of PVY or TXYHC RNA (Figure 
2D, lane 7), which suggests that high levels of the HCPro 
are required for suppression of PTGS. 

Suppression of PTGS in CMV- or PVX-2b- infected 
plants was unlike the HCPro- mediated effect, because the 
; only affected leaves were those that emerged from the 
growing points after the viruses had spread systemically 
(Figures 5 and 6). From this pattern, we conclude that the 
'2b protein affects the cells in, or near to, the growing 
. points of the plants. The growing points do not normally 
exhibit PTGS, even when there is extensive silencing in 
:the rest of the plant (Voinnet et aL, 1998). Therefore, it 
-is-possible-that. the .2b protein prevents .entry of. the gene 
. silencing signal to the cells emerging from the growing 
points. Alternatively, it could be that the signal enters 
these cells but that the 2b protein prevents initiation of 
the PTGS mechanism. 

Viral symptom determinants and suppressors of 
gene silencing 

From the results presented here and elsewhere, it is shown 
that the HCPro and the 2b proteins have several activities. 
First, these proteins are pathogenicity factors of the 
respective viruses (Cronin et aL, 1995; Ding et aL, 1995). 
They also enhance the accumulation and symptoms of 
PVX when they are expressed from PVX vectors (Pruss 
et aL, 1997) and, as shown here, they suppress PTGS. In 
addition, in protoplasts from transgenic plants expressing 
HCPro, there is enhanced accumulation of PVX, TMV or 
CMV (Pruss et aL, 1997). 

Although it remains formally possible that these are 
unrelated effects of the two proteins, a more likely 



explanation is that they are all associated with the suppres- 
sion of a PTGS-like resistance mechanism. From the 
findings that PVY, CMV and the various PVX constructs 
are all affected by this mechanism, we propose that it is 
activated or given specificity by different types of RNA 
virus. We envisage that this mechanism could target 
degradation of RNA species that are similar to the inocu- 
lated virus. The effect of the mechanism would be to 
restrict viral RNA accumulation in infected cells. In 
addition, as shown in PTGS (Palauqui etaL, 1997; Voinnet 
and Baulcombe, 1997), we consider it possible that there 
is a sequence-specific signal molecule that spreads away 
from the cells in which the process is initiated. The 
potential to transmit a signal out of the initially infected 
cell could mean that this PTGS-like resistance mechanism 
has the ability to activate viral RNA degradation in 
non- infected cells located beyond the front of infection. 
Consequently, the PTGS-like mechanism could be respons- 
ible for suppression of virus movement as well as restric- 
tion of viral accumulation in infected cells. 

It is unlikely that an effect of a PTGS-like resistance 
mechanism is specific to the potex, ciicumo- and potyviral 
groups. These groups represent extremes in the evolution 
of positive strand RNA viruses having either monopartite 
or multipartite genome organization and similarity to either 
the picorna- or sindbis-virus groups (Matthews, 1991). 
Therefore, the shared property of these .viruses as activators 
of the PTGS-like resistance mechanism is probably com-, 
mon to most groups of positive strand RNA viruses in 
plants. Moreover, if a PTGS-like mechanism is implicated 
in virus resistance, it is expected that other virus-encoded 
proteins will function as suppressors of gene silencing. 
From the results presented here, we predict that many viral 
proteins that were originally identified as pathogenicity 
determinants, like the 2b protein or HCPro, will eventually 
be identified as suppressors of PTGS. ^ 

The lack of an effect of PVX on the GFP silenced 
plants shows that this virus does not produce a suppressor 
of PTGS. However, the increase in symptoms and virus" 
accumulation in plants infected with TXYHC and 
PTXMV-2b implies that PVX does activate the PTGS : 
like resistance. To reconcile these observations, we propose 
that PVX has the potential to partially evade rather than 
to suppress the PTGS-like resistance mechanism. Evasion 
might involve very rapid replication and spread of the 
virus so that the resistance mechanism is out-competed. 
Alternatively, PVX might be compartmentalized, so that 
it avoids the PTGS-like mechanism. 

Several virological phenomena could be explained by 
the proposed involvement of a PTGS-like resistance 
mechanism in plants and the corresponding suppressors 
of gene silencing encoded in different viruses. Most 
obviously, there are various synergistic interactions 
between viruses resulting in disease that is much more 
severe in plants infected with two viruses than in plants 
infected with either virus alone (Pio-Riberio et aL, 1978; 
Vance, 1991; Murphy and Kyle, 1995). As with the PVX- . 
PVY synergism, these interactions could be explained by 
the production of a suppressor of gene silencing by either 
or both of the interacting viruses. 

The phenomenon of cross protection (Matthews, 1991) 
could also be explained, at least in part, by the involvement 
of a PTGS-like resistance mechanism. Cross protection is 
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an induced resistance mechanism in virus -infected plants 
that affects a second virus (the challenge strain) inoculated 
days or weeks after the initial inoculation. This resistance 
is specific for challenge strains that are similar to the 
inducing strain. Perhaps the inducing strain would initiate 
or provide the specificity determinant for the PTGS-Iike 
resistance mechanism so that the challenge strain, having 
sequence similarity to the inducer, would be suppressed. 
We have already demonstrated that cross protection associ- 
ated with nepoviral recovery is similar to PTGS (Ratcliff 
et ai t 1997). However, based on our findings that diverse 
viruses may activate a PTGS- like resistance mechanism, 
it now appears likely that many other examples of cross 
protection may also fit into the same category. 

Viral adaptations to gene silencing 

The general principles of suppression and evasion of the 
PTGS-like resistance mechanism will probably apply 
to many plant-virus interactions. Evasive or strongly 
suppressive viruses will be highly pathogenic, whereas 
the others will be weak or non-pathogens. The probable 
central role of this mechanism in plant virus interactions 
means that there will be strong selective pressures on the 
virus to evade or suppress the mechanism. Similarly, there 
will be corresponding selective pressures on the plant side 
to ensure that the mechanism is effective against many 
viruses. These selective pressures will probably cause a 
high level of polymorphism in "both the plant and the viral 
genes involved in the mechanism. Clearly, identification 
of other viral suppressors and further investigation of 
this proposed adaptive mechanism will certainly provide 
support for a previously uncharacterized, generalized virus 
resistance mechanism in plants. In addition, it is hoped, 
that identification of viral suppressors of PTGS will 
provide an experimental handle for the characterization 
of host components involved in PTGS. It may also be 
possible to use the suppressors of PTGS to investigate, 
the relationship of superficially similar gene silencing 
phenomena in plants, fungi, ciliates and nematodes 
(Cogoni and Macino, 1997; Fire et aL, 1998; F.Ruiz 
et aL, 1998). 

Materials and methods 1 

Plant material 

Transgenic N.benthamiana plants carrying the GFP ORF were described 
previously (M. T.Ruiz et aL. 1998). The line used in this study, 16c, 
carries one copy of the transgene at a single locus in homozygous 
conditions (M.T.Ruiz et aL, 1998). 

Agrobacterium induction of post-transcriptional gene 
silencing 

GFP-expressing seedlings from line 16c were infiltrated with an hyper- 
virulent strain of A.tumefacieiu (strain cor308) (Hamilton et aL, 1995) 
carrying a binary-Ti plasmid vector into which a functional 35S-GFP 
cassette had been inserted. This cassette is the same as the one used for 
plant transformation (Figure 2B). Infiltration of A.tumefacieiu was based 
on a previously described method (English et at., 1997). 

Wild-type and recombinant viruses 

A PVY isolate belonging to the necrotic strain group was maintained in 
Nicotiana clevelandii plants. Wild-type PVX (pTXS) (Kavanagh et aL, 
1992) and the PVX vector (pP2C2S) (Baulcombe et aL, 1995) have 
been described previously. pP2C2S was used to deliver PVY proteins 
into plant cells (Figure 1). PVY cDNA fragments encoding the 31 kDa 
protein (PI ), helper component (HC), nuclear inclusion b (Nib) and coat 
protein (CP) were PCR-amplified from cDNA and individually cloned, 



in-frame, into the PVX vector under the control of a duplicated PVX 
CP promoter. An additional recombinant virus that carried a frameshift 
version of the HC coding sequence was also generated and termed 
pTXYHCA. The mutation in this construct consisted of the deletion of 
the first nucleotide of the HCPro coding sequence, creating a -1 
frameshift. The sequence of the PVY mature proteins and the primer 
design for cloning purposes were based mainly in the published full- 
length sequences of the virus (Robaglia et aL. 1989: Thole el aL. 1993). 

Wild-type CMV was maintained in N.hemhamiana plants. As described 
above, the PVX vector (pP2C2S) was used to deliver CMV sequences 
into plant cells (Figure 1 ). pTXMV-2b contained a 500 bp DNA fragment 
derived from nucleotides 2410-2908 of CMV RNA 2 and thus the 
complete 2b coding sequence (CMV RNA 2. nucleotides 2410-2712: 
Ding et aL, 1995). This inserted CMV sequence was rendered non- 
" coding in pTXYMV-2bA by a single nucleotide substitution (T to A) 
that convened the fourth codon (TTG) of the 2b ORF to a stop 
codon (TAG). 

In vitro transcription 

In vitro transcription reactions to produce infectious PVX and PVX 
derivatives-RNAs were performed as described previously (Chapman 
e; a/., 1992). 

Northern blot analysis 

RNA was extracted' from systemically infected leaves"! 5 to '21 days 
post- inoculation as described previously (Mueller et aL. 1995). .RNA 
. samples (1-5 were electrophoresed on a 0.9% (w/v) agarose 
formaldehyde gels, transferred to Hybond-N membranes and hybridized 
with 32 P-labeled RNA or cDNA probes specific for the respective viruses 
or for the GFP transgene RNA. 

GFP imaging 

Visual detection of GFP fluorescence in whole plant was performed 
using a 100 W hand-held long-wave ultraviolet lamp (UV products. 
Upland. CA. Black Ray mode! B 100AP). Plants were photographed 
with a Kodak Ektachrome Panther (400 ASA) film through a Wratten 8 
filter. Exposure times varied up to 70 s depending on the intensity of 
the fluorescence and the distance of the camera and lamp from the plant. 
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Silencing on the Spot. Induction and Suppression of RNA 
Silencing in the Agrobacterium-Mediated Transient 
Expression System 1 

Lisa K. Johansen and James C Carrington* 

Institute of Biological Chemistry, Washington State University, Pullman, Washington 99164-6340 

The Agrobacterium-mediated transient expression assay in intact tissues has emerged as a rapid and useful method to analyze 
genes and gene products in plants. In many cases, high levels of active protein can be produced without the need to produce 
transgenic plants. In this study, a series of tools were developed to enable strong or weak induction of RNA silencing and 
to suppress RNA silencing in the absence of stable transgenes. Transient delivery of a gene directing production of a 
double-stranded green fluorescent protein (GFP) transcript rapidly induced RNA silencing of a codelivered GFP reporter 
gene, effectively preventing accumulation of GFP protein and mRNA. RNA silencing triggered by the strong dsGFP inducer 
was partially inhibited by the tobacco etch virus silencing suppressor, Pl/HC-Pro. In the absence of the strong double- 
stranded GFP inducer, the functional GFP gene served as a weak RNA silencing inducer in the transient assay, severely 
limiting accumulation of the GFP mRNA over time. The weak silencing induced by the GFP gene was suppressed by 
Pl/HC-Pro. These results indicate RNA silencing can be triggered by a variety of inducers and analyzed entirely using 
transient gene delivery systems. They also indicate that RNA silencing may be a significant limitation to expression of genes 
in the Agrobacterium-mediated transient assay but that -this limitation can be overcome by using RNA silencing suppressors. 



RNA silencing in plants (also known as post- 
transcriptional gene silencing) is the remarkable pro- 
cess, whereby foreign RNA molecules are recognized 
and degraded in a sequence-specific manner (Meins, 
2000; Sijen and Kooter, 2000). The foreign RNAs can 
derive from a highly expressed or aberrant transgene 
or from an infectious virus. In fact, RNA silencing is 
an adaptive defense response that can limit virus 
infection and the severity of symptoms (Marathe et 
al., 2000). RNA silencing in plants is closely related to 
the process of RNA interference in animals,- which 
has been studied most intensively in Caenorhabditis 
elegans and. Drosophila (Hunter, 2000). In many organ- 
isms, RNA silencing has proven to be a highly effec- 
tive tool for producing epigenetic knockout phenb-„ 
types in whole organisms (Baulcombe, 1999; Bosher 
and Labouesse, 2000). 

Through genetic and biochemical analyses in a va- 
riety of systems, the molecular basis for RNA silenc- 
ing is partially understood (Bass, 2000; Carrington, 
2000). A key early step in RNA silencing is formation 
of double-stranded (ds) RNA. In the case of most 
plant viruses, dsRNA is formed during the interme- 
diate steps of genome replication, and this may ex- 
plain why viruses are often potent inducers of RNA 
silencing (Baulcombe, 1999). RNA silencing triggered 
by transgenes, but not some viruses, requires an 
RNA-dependent RNA polymerase (RdRp)-like pro- 
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tein that is hypothesized to catalyze synthesis of 
RNA complementary to the target species (Dalmay et 
al, 2000; Mourrain et al., 2000). Double-stranded 
RNA is then recognized by a dsRNA-specific nucle- 
ase and cleaved to produce small (21-23 nucleotides) 
RNA species (Hamilton and Baulcombe, 1999; Ham- 
mond et al., 2000; Zamore et al., 2000). The small 
RNAs are proposed to associate with one or more 
nuclease-like proteins and serve as guides for 
sequence-specific cleavage of silencing target RNAs 
(Bass, 2000). This explains how a given inducer mol- 
ecule can trigger RNA degradation directed against 
itself and against any RNA with high levels of se- 
quence identity. 

The differential requirements for RNA silencing 
triggered by transgenes and by RNA "viruses in" 
plants, and the effects of various virus-encoded si- 
lencing suppressors support a model in which there 
are two induction pathways leading to RNA silenc- 
ing in plants (Carrington, 2000; Dalmay et al., 2000; 
Voinnet et al., 2000). Silencing triggered by a trans- 
gene mRNA, or an RNA with limited amounts of ds 
secondary structure, depend on the "weak" inducer 
pathway that involves the RdRp. It is interesting that 
this pathway also leads to systemic RNA silencing in 
which tissues distal to the initial sites of silencing 
induction also acquire the silenced state (Voinnet et 
al, 2000). Systemic silencing involves a graft- 
transmissible signal that moves through the phloem 
(Fagard and Vaucheret, 2000). Silencing triggered by 
some replicating RNA viruses, and possibly by in- 
ducers with very long segments of dsRNA, may oc- 
cur through a "strong" inducer pathway in which the 
requirement for the RdRp is bypassed. The strong 
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inducers may be recognized directly by the dsRNase 
required for synthesis of the small RNAs (Zamore et 
al., 2000). 

The Agrobacterium tumefaciens-mediated transient 
expression system is a versatile tool to rapidly intro- 
duce genes into plant tissue. This system enables 
gene expression within a short period of time and 
without the requirement for regenerating transgenic 
plants. A useful feature of this system is the ability to 
introduce multiple genes simultaneously into a patch 
of leaf .tissue. This system will likely increase in util- 
ity, particularly for high- throughput functional 
genomic and proteomic analyses. The Agrobacterium- 
mediated expression system has also been used ef- 
fectively as a means to deliver RNA silencing induc- 
ers and suppressors into transgenic plants that 
express a silencing reporter genie (for example, 
Brigneti et al., 1998; Voinnet et al, 1998, 2000; Llave et. 
al., 2000). 

In this study, we developed tools and procedures 
to enable analysis of RNA silencing using the 
Agrobacterium-mediated transient expression system 
in the absence of a stable transgene reporter. The 
response of a reporter gene in the presence of weak 
and strong RNA silencing inducers was analyzed as 
was the effect of co-introduction of a virus-encoded 
silencing suppressor. The results indicate that highly 
effective RNA silencing can be triggered rapidly with 
strong inducers. The results also indicate that RNA 
silencing may be an inevitable consequence of 
Agrobacterium-mediated transient delivery of func- 
tional genes under the control of a strong promoter 
but that this can be countered through use of silenc- 
ing suppressors. 
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Figure 1. Agrobacterium- media ted transient expression in N. 
benthamiana leaves. A, Constructs used contained the 35S promoter 
(arrow) and terminator sequences (black circle). The GFP construct 
contained a functional copy of the soluble-modified GFP coding" 
sequence, whereas the dsGFP construct' contained both- sense and 
antisense smGFP sequences separated by an intron. B and C, 
Agrobacterium- infiltrated non-transgenic (B) and.GFP-transgenic (C) 
leaves were viewed at 6-d p.i. under long wavelength UV illumina- 
tion. Spots in half leaves were infiltrated with Agrobacterium con- 
taining the indicated constructs. 



RESULTS 

Transient Delivery of RNA Silencing 
Inducers and Targets 

Most studies to analyze RNA silencing in plants 
have depended on transgenic plants that express an 
active or silenced reporter gene. To enable analysis of 
RNA silencing that is independent of transgenes, an 
Agrobacterium-mediated transient system was de- 
vised to simultaneously introduce both silencing in- 
ducer and target RNAs in Nicotiana benthamiana. Two 
key constructs were used in most experiments. A 
35S-green fluorescent protein (GFP) gene (referred to 
as the GFP construct) encoded the soluble-modified 
form of green fluorescent protein. A 35S-GFP/ anti- 
sense GFP gene contained the full-length GFP coding 
sequence, an intron, and a full-length GFP sequence 
in the inverted orientation (Fig. 1A). Transcription of 
this gene and RNA processing was predicted to yield 
an intron spliced hairpin RNA that was referred to as ■ 
the dsGFP RNA. Constructs directing synthesis of 
dsRNAs in transgenic plants were shown to be po- 
tent inducers of RNA silencing (Waterhouse et al., 



1998; Chuang and Meyerowitz, 2000; Schweizer et al., 
2000; Smith et ah, 2000). An empty vector construct 
was also used in all .experiments as a negative 
control. 

Leaves, "of N,_ benthamiana plants were infiltrated 
with cultures of Agrobacterium containing vector, 
GFP, or dsGFP constructs, and GFP fluorescence was 
monitored using a handheld long wavelength UV 
light source. Noninfiltrated zones and zones infil- 
trated with cells containing the vector alone ap- 
peared red due to autofluorescence. Tissue infiltrated 
with bacteria containing the GFP gene appeared 
bright green (Fig. IB). In contrast, tissue infiltrated 
with Agrobacterium containing the dsGFP construct 
appeared red and was indistinguishable from the 
vector-only infiltration sites. Similar results were ob- 
tained when Agrobacterium cultures containing the 
vector, GFP and dsGFP constructs were injected into 
leaves of GFP-expressing transgenic N. benthamiana 
plants. In these plants, GFP expressed from the in- 
jected construct was detected against a background 
of light green fluorescence from the transgene- 
expressed protein (Fig. 1C). 
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RNA Silencing by a Strong Inducer in the 
Transient System 

A time-course analysis of GFP- and dsGFP- 
expressing tissue was done to examine the initiation 
of RNA silencing in the infiltrated tissues. High M r 
and small RNAs were extracted from Agrobacterium- 
injected tissue and analyzed by blot hybridization 
with a radiolabeled probe specific for the GFP se- 
quence. The small RNA fraction was prepared to 
analyze RNA silencing-associated 21- to 23- 
nucleotide RNA species. In cells undergoing RNA 
silencing, these smaU RNAs correspond to both sense 
and antisense fragments of the silencing target (Ham- 
ilton and Baulcombe, 1999). In non- transgenic tissue, 
the 35S-GFP mRNA was detected at 2-d postinfiltra- 
tion (pi.). After peaking at 3-d pi., however, the level 
of GFP mRNA declined dramatically through 6-d p.i. 
(Fig. 2A). Relatively little small RNA with homology 
to the GFP sequence was detected during the time 
course. In contrast, neither a full-length dsGFP tran- 
script nor a unit length GFP RNA was detected in 
non-transgenic tissue expressing the dsGFP gene 
(Fig. 2A). However, GFP-specific small RNA was 
detected at 2-d p.i. and accumulated over the 6-d 
time course in non-transgenic plants. In the GFP- 
expressing transgenic plants, the dsGFP gene also 
induced formation of GFP-related small RNAs as 
well as a moderate decline in the level of GFP trans- 
gene mRNA between 2- and 6-d p.i. (Fig. 2B). Tran- 
sient expression of the dsGFP gene, therefore, was 
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Figure 2. Analysis of GFP-reiated RNAs from tissue infiltrated with 
Agrobacterium containing the GFP and dsGFP genes. HMW RNA (5 
ju.g) and small RNA (50 ^g) samples were prepared at various times 
p.i. and subjected to RNA-blot analysis using a radiolabeled GFP 
sequence probe. A, Time course analysis of GFP-related RNAs in 
Agrobacterium- infiltrated non-transgenic leaf tissue expressing GFP 
ordsGFP genes. B, Limited time-course analysis of GFP-related RNAs 
in GFP-transgenic plants that were infiltrated with Agrobacterium' 
containing empty vector or the dsGFP gene. The electrophoretic 
positions of GFP mRNA and oligonucleotide standards (20 and 24 
nucleotides) are shown at the left. 



sufficient to induce RNA silencing in the injection 
zone of both non-transgenic and GFP-transgenic 
plants. 

To determine if transient dsGFP expression was 
sufficient to silence the Agrobacterium-injected GFP 
gene, coinfiltration experiments with both GFP and 
dsGFP constructs were done. In these and subse- 
quent experiments, three Agrobacterium cultures were 
mixed in equal parts prior to all injections. One cul- 
ture contained the GFP reporter gene. Depending on 
the experiment, the other two cultures contained 
empty vector, the dsGFP construct, or another test 
construct (see below). In all cases, however, the 
amount of injected Agrobacterium containing the GFP 
reporter was constant, regardless of whether or not 
additional cultures containing test constructs were 
added to the injection mix. In non-transgenic plants, 
infiltration of an Agrobacterium mixture containing 
the GFP gene and empty vector resulted in bright 
green fluorescence within 2 d of p.i. (Fig. 3, A and C). 
GFP fluorescence required a Vir + Agrobacterium 
strain, as tissue injected with a Vir~ strain containing 
the GFP construct failed to fluoresce (Fig. 3G). Infil- 
tration of a mixture containing the GFP gene, dsGFP 
gene, and empty vector resulted in no GFP fluores- 
cence (Fig. 3A). The same results were obtained when 
the mixtures were injected into GFP-expressing 
transgenic plants (Fig. 3, D and F). The suppression 
of GFP activity in tissue injected with the GFP plus 
dsGFP mixture required that the dsGFP construct be 
in a Vir + Agrobacterium strain (Fig. 3H). Furthermore, 
the GFP-inhibitory effect of the dsGFP construct was 
sequence-specific, as co-injection of Agrobacterium 
containing the GFP construct and a dsGUS construct 
resulted in strong GFP fluorescence (Fig. 31). 

The effect of co-introduction of GFP and dsGFP 
genes was investigated by analysis of GFP protein in 
the infiltrated tissue of transgenic and non-transgenic 
plants. As controls, tissues were infiltrated with 
Agrobacterium containing empty vector, GFP plus 
empty vector, 'and dsGFP"plus empty vector. The 
GFP protein was detected in transgenic plants but 
not non-transgenic plants injected with Agrobacterium 
containing empty vector (Fig. 4, A and B, lanes 1-3). 
In non-transgenic tissue injected with the GFP gene 
plus empty vector, GFP protein accumulated to in- 
creasing levels over the 6-d time course (Fig. 4A, 
lanes 4-6), whereas in transgenic tissue GFP accumu- 
lated to levels higher than the endogenous 
(transgene-encoded) levels (Fig. 4B, compare lanes 
4-6 with 1-3). However, in non-transgenic tissue in- 
filtrated with the Agrobacterium mixture containing 
GFP and dsGFP genes, no GFP protein was detected 
at any time point (Fig. 4A, lanes 10-12). These data 
indicate that the dsGFP construct was inhibitory to 
accumulation of protein encoded by the injected GFP 
gene. Similarly, the levels of endogenous GFP in the 
transgenic plants decreased 5-fold, relative to tissue 
expressing the empty vector, over the time-course in 
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transient system, regardless of whether or not a ho- 
mologous nuclear transgene was present. 



Figure 3. Agrobacterium- mediated transient expression of combina- 
tions of GFP, dsGFP, and Pl/HC-Pro constructs. Non-transgenic (A-C 
and C-l) or GFP-transgenic (D-F) N. benthamiana leaves were infil- 
trated and analyzed as described in Figure 1. The vir- strain of 
Agrobacterium lacked DNA transfer properties and was used in a 
series of controls (G and H). All infiltrations with a mixture of three 
Agrobacterium cultures (A-F) were done using equivalent amounts of 
the individual components. In half leaves shown in A, C, D, and F, 
two equivalents of the empty vector (V) culture were used. - 



tissue infiltrated with the Agrobacterium mixtures 
containing the dsGFP gene alone or the dsGFP plus 
GFP genes (Fig. 4B, lanes 7-12). 

Co-introduction of GFP and dsGFP genes was fur- 
ther investigated by analysis of GFP mRNA and 
small RNAs from the infiltrated tissues of non- 
transgenic plants. As in the previous experiment (Fig. 
2A), infiltrated tissue expressing -the GFP gene con- 
tained the GFP mRNA, which declined significantly 
between the 4- and 6-d-p.i. time points (Fig. 5, lanes 
2-4). This decrease in GFP mRNA steady-state level 
over time contrasted with the increasing accumula- 
tion of GFP protein (Fig. 4A, lanes 4-6). The high 
steady-state level of protein likely resulted from the 
high stability of GFP. Little or no GFP-related small 
RNA was detected using these experimental condi- 
tions, even at 6-d p.i. (Fig. 5, lanes 2-4). However, 
these small RNAs were detected using higher specific 
activity probes and increasing exposure times (data 
not shown). No GFP mRNA was detected after co- 
introduction of the GFP and dsGFP genes, whereas 
small RNA accumulated to increasing levels 
throughout the time course (Fig. 5, lanes 8-10). The 
cumulative data from in situ visualization of fluores- 
cence, and from analysis of GFP protein, GFP mRNA 
and GFP small RNA indicate that the dsGFP con- 
struct induced silencing rapidly and efficiently in the 



Suppression of RNA Silencing by Tobacco Etch Virus 
(TEV) Pl/HC-Pro in the Transient System 

The TEV-encoded RNA silencing suppressor, PI/ 
HC-Pro (Anandalakshmi et ah, 1998; Brigneti et al., 
1998; Kasschau and Carrington, 1998), was intro- 
duced into the GFP-based transient silencing system 
to address two issues. First, the ability of Pl/HC-Pro 
to suppress RNA silencing from the "strong" inducer 
derived from the dsGFP gene was tested. In previous 
studies, Pl/HC-Pro was shown to reverse RNA si- 
lencing triggered by a "weak" transgene inducer in 
transgenic plants (Llave et al., 2000). Second, the 
ability of Pl/HC-Pro to inhibit decline of the GFP 
mRNA in tissues ■ expressing the functional GFP 
gene was tested. If the decline was due to slow or 
weak induction of RNA silencing, then PI /HC-Pro 
was predicted to inhibit the decline. Pl/HC-Pro is 
actually a polyprotein that undergoes autoproteo- 
lytic processing catalyzed by proteinase domains 
within the PI and HC-Pro proteins (Carrington et 
al., 1990). 

In contrast to the lack of GFP fluorescence in tis- 
sues injected with mixtures of Agrobacterium contain- 
ing GFP "plus dsGFP genes, tissues infiltrated with 
the triple mixture containing GFP, dsGFP, and PI/ 
HC-Pro genes exhibited bright green fluorescence, 
regardless of whether the plants were non-transgenic 
or GFP-transgenic (Fig. 3, B, C, E, and F). In non- 
transgenic plants, the appearance of green fluor- 
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Figure 4. Immunoblot analysis of GFP and HC-Pro in Agrobacte- 
r/um-irifiltrated tissue. Time course analysis of GFP and HC-Pro pro- 
tein in non-transgenic (A) or GFP transgenic (B) N. benthamiana 
plants infiltrated with Agrobacterium containing empty. vector (lanes 
1-3) or combinations of Agrobacterium containing empty vector (V), 
GFP, dsGFP, or Pl/HC-Pro constructs (lanes 4-15). Normalized ex- 
tracts {20 yjg) were prepared at 2-, 4-, and 6-d p.i. and subjected to 
immunoblot analysis with anti-GFP or anti-HC-Pro sera. 
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Figure 5. RNA-blot analysis of GFP-specific RNAs in Agrobacterium- 
infiltrated non-transgenic N, benthamiana tissue. HMW RNA (5 /ig) 
and small RNA (50 /xg) samples were prepared at various times p.i. 
and subjected to RNA-blot analysis .using a radiolabeled GFP se- 
quence probe. Samples were extracted from tissue that was infiltrated 
with Agrobacterium containing empty vector {V, lane 1) or combi- 
nations of Agrobacterium containing empty vector (v), GFP, dsGFP, 
or PI/HC-Pro constructs (lanes '2-13). The eiectrophoretic positions 
of oligonucleotide standards (20 and 24 nucleotides) are shown at 
theJeft. • ■ 



escence in leaves injected with the triple mixture 
corresponded with accumulation of GFP protein in 
•time-course experiments (Fig. 4A, lanes 13-15). HC- 
Pro was also detected in the immunoblot assay at 4- 
and 6-d pi., although accumulation of HC-Pro was 
delayed relative to accumulation of GFP (Fig. 4A, 
lanes 13-15). In transgenic plants, the level of GFP 
protein that accumulated in tissues receiving the tri- 
ple mixture was enhanced relative to tissues injected 
with the GFP plus dsGFP mixture (Fig. 4B, lanes 

10- 15). The enhancement (11.3-fold) was particularly 
evident at 6-d p.i. (Fig. 4B, compare lanes 12 and 15). 
In addition, the presence of Pl/HC-Pro in non- 
transgenic tissues injected with the triple mixture 

" resulted in accumulation of GFP mRNA (Fig. 5, lanes 

11- 13). However, as seen in tissues expressing GFP 
alone (Fig. 5, lanes 2-4), the GFP mRNA declined 
between 4- and 6-d p.i. Furthermore, the presence of 
Pl/HC-Pro did not prevent accumulation of silenc- 
ing-specific small RNAs (Fig. 5, lanes 11-13). At the 
6-d p.i. time-point, in six independent experiments, 
the level of accumulation of GFP-related small RNAs 
in tissue injected with the triple mixture was equal to 
or greater than that detected in tissue expressing GFP 
plus dsGFP alone. These data suggest that Pl/HC- 
Pro partially suppresses RNA silencing initiated by 
the strong inducer in the transient GFP expression 
system, although suppression likely occurs only at 
the early time points examined. 

In addition to examination of the effect of Pl/HC- 
Pro on dsGFP-induced RNA silencing, the effect of 
Pl/HC-Pro on expression and accumulation of the 
GFP mRNA in the absence of dsGFP was tested. As 
in previous experiments (Figs. 2A and 5), tissue in- 
jected with Agrobacterium containing the GFP gene 
accumulated GFP mRNA to relatively high levels 
within 2-d p.i., but GFP mRNA levels declined at 
later time points (Fig. 6, lanes 1-3). In contrast, tissue 
injected with an Agrobacterium mixture containing- 
GFP and Pl/HC-Pro genes accumulated GFP mRNA 
to relatively high levels that did not decrease be- 
tween 2- and 6-d p.i. (Fig. 6, lanes 10-12). These data 



indicate that the slow decline in GFP mRNA after 
Agrobacterium-mediated introduction of the GFP 
gene into leaf tissue is likely due to RNA silencing 
and that this is efficiently suppressed by Pl/HC-Pro. 
This differs from the effect of Pl/HC-Pro on dsGFP- 
mediated silencing of the GFP mRNA where the 
suppressor promotes accumulation of the GFP 
mRNA early (2-d p.i.) but not late (6-d p.i.) in the 
time course (Fig. 6, lanes 7-9). 

DISCUSSION 

RNA Silencing in the Transient Assay 

The Agrobacterium-mediated transient expression 
system was used, to deliver RNA silencing inducer, 
reporter, and suppressor constructs to intact tissues 
of N. benthamiana. This system_enabl_ed analysis of 
RNA silencing of a GFP construct based, entirely on 
genes delivered in the transient assay. RNA silencing 
triggered by a strong inducer derived from the ds- 
GFP construct occurred rapidly, regardless of 
whether or not the plant contained a GFP transgene. 
A key feature of this system is the ability to simulta- 
neously introduce additional genes along with silenc- 
ing reporter genes. For example, the effects of si- 
lencing suppressors can be tested by adding 
Agrobacterium cultures containing test constructs to 
the injection mix. The codelivery of multiple con- 
structs is enabled by the extremely high efficiency of 
Agrobacterium-mediated gene transfer in N. benthami- 
ana leaves. Microscopic examination of tissue injected 
with Agrobacterium containing the GFP construct sug- 
gests that virtually all cells express the gene (unpub- 
lished observations). 

The finding that transient delivery of dsGFP trig- 
gered RNA silencing efficiently is fully consistent 
with several other studies using transgenic plants 
(Waterhouse et al., 1998; Chuang and Meyerowitz, 
2000; Smith et al., 2000). The basis for this strong 
inducer activity-relates to the probable role of dsRNA 
as me substrate for a nuclease that catalyzes cleavage 
to 21 to 23 nucleotide RNAs (Zamore et al., 2000). The 
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Figure 6. RNA-blot analysis of CFP-specific RNAs in Agrobacterium- 
infiltrated non-transgenic N. benthamiana tissue. HMW RNA sam- 
ples (5 /u,g) were prepared at various times p.i. and subjected to 
RNA-blot analysis using a radiolabeled GFP sequence probe. Sam- 
ples were extracted from, tissue that was infiltrated with combinations 
of Agrobacterium containing empty vector (V), GFP, dsGFP, or PI/ 
HC-Pro constructs. The blot was stripped and reprobed using radio- 
labeled DNA corresponding to ribosomal RNA. 
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small RNAs are proposed to guide a nucleolytic ri- 
bonucleprotein complex to target RNAs. Thus, in- 
creasing amounts of dsRNA would lead to increasing 
amounts of small RNAs, which would lead to in- 
creasing amounts of a component of the sequence- 
specific nuclease. In clear support of this model, 
small RNAs were produced in relatively high quan- 
tities after introduction of the dsGFP construct. This 
was in stark contrast to the relatively low levels of 
small RNA in tissues expressing the functional GFP 
gene, at least during the time course examined. 

Despite the relatively low levels of small RNA in 
the functional GFP-expressing tissue,. RNA silencing 
was eventually detected in the absence of the dsGFP 
inducer. Similarly, Voinnet et al. (2000) found that 
infiltration of a GFP-expressing construct in GFP 
transgenic plants resulted intitally in strong fluore- 
cence at the site of infiltration, followed by systemic 
silencing of the GFP transgene and small RNA accu- 
mulation. The results of experiments using. PI /HC- 
Pro support the hypothesis that the decline in GFP 
steady-state level was due to RNA silencing, Co- 
introduction of GFP and Pl/HC-Pro constructs re- 
sulted in maintenance of relatively high steady-state 
levels of GFP mRNA, As PI /HC-Pro has. little or no 
effect on transcription (Kasschau and Carrington, 
2001), maintenance of high GFP mRNA levels by 
Pl/HC-Pro likely resulted from RNA silencing 
suppression. 

These studies underscore the idea that there are 
two types of RNA silencing inducers (Dalmay et al., 
2000; Voinnet et al.,'2000). Strong inducers are those 
that contain extensive amounts of dsRNA, either be- 
cause a gene directs synthesis of a transcript that 
adopts considerable double stranded structure or be- 
cause a replicating virus produces dsRNA during the 
course of genome replication. Weak inducers are 
those that -contain relatively little double stranded 
structure but that are eventually recognized by the 
silencing apparatus and targeted. An.important step 
in targeting a weak inducer may be recognition by 
the cellular RdRp, which is proposed to catalyze 
synthesis of complementary RNA and which would 
lead to accumulation of dsRNA intermediates (Dal- 
may et al., 2000; Mourrain et al., 2000). How a weak 
inducer is initially recognized remains to be 
determined. 

The effects of TEV Pl/HC-Pro on RNA silencing 
induced by a /3-glucuronidase (GUS) transgene was 
analyzed previously (Kasschau and Carrington, 1998; 
Llave et al., 2000). The GUS transgene in those stud- 
ies likely resulted in formation of a weak inducer 
RNA in transgenic plants. Co-expression of Pl/HC- 
Pro effectively suppressed both RNA silencing and 
formation of small RNAs (Kasschau and Carrington, 
1998; Llave et al., 2000). In the dsGFP-induced system 
described here, Pl/HC-Pro transiently suppressed 
RNA silencing induced by the dsGFP construct. 
However, RNA silencing triggered by the dsGFP 
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construct in the presence of Pl/HC-Pro eventually 
occurred in the 6-d time course experiments, result- 
ing in declining GFP mRNA levels and accumulation 
of small RNAs. It is proposed that in the presence of 
low levels of dsRNA inducer, Pl/HC-Pro effectively 
suppresses RNA silencing. However, as dsRNA in- 
ducer accumulates, the suppressing activity of PI/ 
HC-Pro is overcome, and RNA silencing occurs. 
These data suggest that Pl/HC-Pro inhibits a 
dsRNA-dependent ■ step in the RNA silencing 
pathway. 



Applications 

There are three types of applications that arise 
from this work. First, the transient RNA silencing 
assay using various types of inducers and GFP as a 
reporter provides a rapid method to screen candi- 
date genes, or random genes from a library, for 
effects of RNA silencing. Screens could be designed 
for positive or enhancing effects in the case of genes 
encoding RNA silencing activators or effectors. Al- 
ternatively, screens can be done for silencing sup- 
pressors that have a negative effect. Such a strategy 
for identification of positive and negative factors 
involved in RNA silencing will complement mutant 
screens. 

Second, the transient- delivery of dsRNA constructs 
provides a rapid method to potentially silence any 
gene in the Agrobacterium infiltration zone. Of course, 
the use of dsRNA-mediated transient silencing de- 
pends' on. the availability of an assay to monitor 
effects, and the range of processes that might be 
investigated using this approach in leaf tissue is lim- 
ited. The transient RNA silencing system is further 
limited by potential residual effects of gene products . 
that accumulate prior to induction of silencing. This 
point is illustrated by examination of the effects of 
dsGFP on endogenous GFP protein and mRNA levels 
in GFP-transgenic tissue. (Figs. 2B-.and.4B).. Although . _ 
the dsGFP inducer triggered RNA silencing, residual 
GFP protein and GFP mRNA were still detected at 
6-d p.i. In addition, the applicability of the transient 
system is limited to those species that are amenable 
to delivery and expression of T-DNA constucts by 
Agrobacterium. 

Third, the effect of Pl/HC-Pro on RNA silencing 
triggered by functional (weak silencing inducer) 
genes has broad use. The use of the Agrobacterium 
delivery system to introduce foreign genes into leaf 
tissue continues to grow. Further, we see tremendous 
potential for this system in functional genomics and 
proteomics programs, in which expression of wild- 
type or tagged proteins is followed by analysis of 
effects on global gene expression, metabolic path- 
ways, or protein complex formation. Under the con- 
trol of the 35S promoter, it is clear that the GFP gene 
is subject to RNA silencing after an initial burst of 
gene expression. It is reasonable to expect that many 
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genes, expressed in a similar manner, will follow the 
same pattern. Co-introduction of Pl/HC-Pro with 
the GFP gene suppressed the RNA silencing re- 
sponse. It follows, therefore, that Pl/HC-Pro will 
suppress RNA silencing triggered by other con- 
structs and result in maintenance of high expression 
levels for extended periods. 



MATERIALS AND METHODS 
Plasmid Construction 

The base vector for all constructs, pRTL2 (Restrepo et al., 
1990), contained an enhanced 35S promoter from cauli- 
flower mosaic virus, the TEV 5 '-non- translated sequence, 
■and the 35S terminator. 

The GFP construct (pRTL2-smGFP) contained the cod- 
ing region of the soluble-modified green fluorescent pro- 
tein from Aequorea victoria (nucleotides 21-737) (Davis and 
Vierstra, 1998). An additional codon (GCA) was inserted 
immediately after the start codon to form, a Ncol restric- 
tion site at the 5' end of the open reading frame. The 3' 
end of the GFP coding sequence contained the authentic 
stop codon followed by a Kpn\ site. The GFP coding 
sequence was inserted between the Ncol and Kpnl sites of 
pRTL2. 

The dsGFP construct (pRTL2-dsGFP) contained the en- 
tire GFP open reading frame, including the stop codon, a 
120-nucleotide intron from the RTM2 gene of Arabidopsis 
Col-0 (Chisholm et ah, 2000), and the entire GFP coding 
region .in the antisense orientation. The dsGFP construct 
was made by joining the RTM1 intron to the 3' end of the 
GFP coding sequence using PCR. This fragment was cloned 
into pRTL2-smGFP using Kpnl and Xbal restriction sites. 

The dsGUS construct (pRTL2-dsGUS) contained the en- 
tire GUS coding region, followed by the RTM1 intron, and 
then an antisense copy of the 3'-proximal 558 nucleotides 
of the GUS coding sequence. The intron-antisense GUS 
fragment was inserted into pRTL2-GUS (Restrepo et al., 
1990) between the- Bglll and BamHl sites. 

Xonst"ruction~brthe Pl/HC-Pro construct (pRTL2-0027) 
was described previously (Carrington et al, 1990). This 
construct contained the sequence corresponding to nucle- 
otides 12 to 2,681 of the TEV genome, which encodes the PI 
and HC-Pro proteins and the N-terminal 82 amino acid 
residues of the P3 protein. 

The expression cassette from each pRTL2-based con- 
struct was excised using Pstl and inserted into the plant 
transformation vector, pSLJ75515 (Jones et al., 1992). Each 
of these plasmids was introduced into Agrobacterium tume- 
faciens strain GV2260 or the avirulent strain C58C1 D by 
triparental mating. 

Plant Material and Agrobacterium Infiltration 

Transgenic Nicotiana benthamiana plants expressing GFP ■ 
protein were provided by Dr. David C. Baulcombe (Sains- 
bury Laboratory) and were described previously (Schaad et 
al., 1997; Brigneti et al., 1998). Agrobacterium infiltration of 
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leaves was done as described (Llave et al., 2000) except that 
the cultures were incubated overnight in infiltration me- 
dium at room temperature. Agrobacterium cultures were 
mixed prior to infiltration by combining equal volumes of 
individual cultures. A 3-cc syringe was used to infiltrate 
tissue from the underside of leaves. 



GFP Imaging 

Visual detection of GFP fluorescence was done using a 
long-wave UV lamp (Black Ray model B 100 AP). Plants 
were photographed with a 950 digital camera (Nikon, 
Tokyo) mounted with both UV and yellow filters. The 
images were processed electronically using Adobe 
Photoshop. 



RNA Isolation and Blot Analysis 

Total RNA from infiltrated spots was extracted - by. 
grinding leaf tissue in liquid nitrogen and resuspending 
the frozen powder in Trizol reagent (10 [v/w]) (Life 
Technologies /Gibco-BRL, Cleveland). After 5 min at 
room temperature, chloroform was added (0.2 [v/v]) and 
the solution was mixed thoroughly. The RNA was sepa- 
rated from the DNA and protein by centrifugation at 
12,000g for 15 min at 4°C. The RNA phase was removed, 
and RNA was precipitated by the addition of isopropanol 
(0.5 [v/v]). The RNA pellet was dissolved in 1 mL of 
Qiagen buffer QRL1 (Qia RNA/DNA Midi Kit).' Nine 
milliliters of QRV2 buffer was added to the solution. The 
RNA was applied to a Qiagen RNA/DNA column accord- 
ing to the manufacturer's directions. Low M r (LMW) RNA 
was eluted with buffer QRW2, and high M r (HMW) RNA 
was subsequently eluted with buffer QRU. The RNA was 
precipitated with ice-cold" isopropanol (1 [v/v]) and- re- 
covered by centrifugation at 15,000g for 30 min at 4°C. The 
RNA pellets were resuspended in diethyl pyrocarbonate- 
treated water, and total RNA concentration was deter- 
- mined using a UV-1601 spectrophotometer (Shimatfzu, - 
Columbia, MD). 

The LMW RNA (50 p.g) was resolved by electrophoresis 
in a 15% (w/v) polyacrylamide-7 m urea gel in TBE buffer 
(45 mM Tris-borate, pH 8.0, 1 mM EDTA). The HMW RNA 
(5 /xg) was resolved by electrophoresis in a 1.5% (w/v) 
agarose-formaldehyde gel using a buffer consisting of 20 
mM HEPES, pH 7.8, 1 mM EDTA. The RNA in gels was 
transferred to HyBond-N membrane and subjected to UV 
crosslinking (1,200 /xj, Stratalinker, Stratagene, La Jolla, 
CA). The LMW. and HMW RNA blots were prehybridized 
hr solution (50% formamide [v/v], 10X Denhardt's solu- 
tion; 0.5 mg/mL sheared salmon sperm DNA, 1% [w/v] 
SDS, 3x SSC, and 50 mM phosphate buffer) at 35°C and 
42°C, respectively, for at least 3 h. GFP specific radioactive 
DNA probes were generated by a random priming tech- 
nique. Hybridization of the LMW (35°C) and HMW (42°C) 
blots was done overnight in a rotating incubator and was 
followed by four washes (20 min each) in 2x SSC buffer 
and 0.2% (w/v) SDS at 50°C and 65°C, respectively. Radio- 
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activity on the blots was quantitated using a phosphoim- 
ager. Blots were then exposed to x-ray film. 



Immunoblot Analysis 

Leaf tissue from infiltration zones was ground in liquid 
nitrogen and resuspended (5 [v/w]) in dissociation buffer 
(40 mM sodium phosphate, pH 7.0, 10 mM EDTA, 0.1% 
[v/v] Triton X-100, 0.1% [w/v] N-lauryl sarcosine, 10 mM 
j3-mercaptoethanol, 0.5 mM phenylmethylsulfonyl fluo- 
ride, 1 jLtg/mL aprotinin, and 1 p^g/mL leupeptin). Total 
protein concentration was determined by the method of 
Bradford using the Protein Assay dye reagent (Bio-Rad 
Laboratories, Hercules, CA). Protein samples (20 /ig) were 
subjected to SDS-PAGE and immunoblot analysis using 
anti-GFP (Promega, Madison, WI) or anti-HC-Pro-specific 
sera. Immunoreactions were detected using an alkaline 
phosphataselinked second antibody and a chemilumines- 
cence procedure. Blots were exposed to x-ray film for 
different periods of time. Densitometry of bands was 
done using an Eagle Eye II system (Stratagene). 
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Intestinal adenomas from Apc A<M+ \ 
Blm Cin/+ mice were evaluated for loss of het- 
erozygosity (LOH) at the Ape locus, a feature 
typical of Apc Min/ + adenomas (24, 25). Five 
adenomas from Apc* ,in '+\Blm +/ + mice and 20 
adenomas from Ape*""'*', Blm Ctn/+ mice were 
analyzed (Fig. 2C). The mean ratio of the Ape* 
to the Ape* 4 ™ allele in tumors from Ape"™*', 
Blm Cin/ + mice was not different from that in 
tumors from Apc Min/ '';Blm +/+ mice. Each was 
consistent with published values (24, 25), dem- 
onstrating loss of the WT Ape allele in all 
tumors from Blm heterozygous mice. 

We next investigated the mutational mech- 
anisms responsible for loss of the normal Ape 
allele in the intestinal tumors by LOH analysis. 
Ape maps to chromosome 18 and is located on 
the genetic map at 15.0 centimorgans (26). We 
used quantitative polymerase chain reaction 
(PCR) with simple sequence length polymor- 
phism markers (19) for three loci to examine 
allelic loss on chromosome 1 8 in our set of 25 
tumors (Fig. 2C). Tumors in Apc^'^'film*'* 
mice and 18 of 20 tumors in Apc Min/+ \ 
Blm Cin/+ mice were characterized by LOH of 
Ape and all markers proximal and distal to Ape 
on chromosome 1 8 (Fig. 2C). Two tumors from 
Apc A1in '+:Blm a,l/+ mice, of which one is 
shown, remained heterozygous at the proximal 
marker DI8MU19 (Fig. 2C). These results in- 
dicate that Ape loss in Ape" 1 " 1 * tumors with 
two WT Blm alleles is characterized by LOH of 
chromosome 1 8 but that in some Blm Cin/+ tu- 
mors, loss of the normal Ape allele occurs by 
somatic recombination. 

To test whether the tumors from Apc Min/+ ; 
Blm Cin/ + mice retained the WT Blm allele, we 
performed a quantitative PCR-based assay on 
14 tumors. The ratio of the WT to the targeted 
allele in each rumor sample from Apc Min/+ ; 
Blm Cin/+ mice was not significantly different 
from that in adjacent normal tissue (Fig. 2D). 
Western blots of 10 tumor lysates from 
Ape Min/+ ;Blm Cin/ * mice evaluated with anti- 
serum to COOH-terminus of BLM confirmed 
that BLM expression had been retained (fig. 
S3A). Similarly, immunofluorescence of 
MLV-induced lymphomas from Blm Cin/+ 
mice demonstrated nuclear BLM staining 
(fig. S3B). These results suggest that muta- 
tion of the remaining WT Blm allele was not 
required for tumor formation in either T cells 
or intestinal tissues. 

Mutation of one allele of Blm has measur- 
able consequences for the phenotype of mu- 
rine somatic cells and for the tumor suscep- 
tibility of the mouse. Our data demonstrate 
that Blm haploinsufficiency is sufficient to 
affect rumor formation in susceptible mice, 
and probably alter genomic stability. These 
effects have not been described in other tar- 
geted Blm mice (12, 13). These data also 
suggest that Blm haploinsufficiency could 
promote tumor formation in tissues other than 
those studied here. Additionally, although 



none of the tumors in Apc^ Un, *\Blm Cin ^ 
mice were invasive at the 4-month end point 
of our experiments, it is possible that these 
tumors would progress to malignancy if giv- 
en more time. Our results are also important 
for human populations: About 1 in 1 00 Ash- 
kenazi Jews carry one mutant allele of BLM 
(25, 26). An accompanying paper by Gruber 
et al. (27) demonstrates that carriers of 
BLM Ash have a more than twofold increase in 
the occurrence of colorectal cancer. Together, 
these studies suggest that Blm/BLM mutation 
is an important modifier of intestinal cancer 
predisposition and that individuals carrying 
one mutant allele of BLM may have one of 
the noteworthy clinical hallmarks of BS — 
namely, increased cancer predisposition. 
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Cleavage of Starecrow-Uke 
mRNA TargetS|Qirected by a 
Class of Arabidopsis miRNA 

Cesar Have, Zhixin Xie, Kristin DpKasschau, James C. Carrington* 

Micro-RNAs (miRNAs) are regulatory molecules that mediate effects by inter- 
acting with messenger RNA (mRNA) targets. Here we show that Arabidopsis 
thaliana miRNA 39 (also known as miRi71), a 21 -ribonucleotide species that 
accumulates predominantly in inflorescence tissues, is produced from an in- 
tergenic region in chromosome III and functionally interacts with mRNA targets 
encoding several members of the Scarecrow-like (SCL) family of putative tran- 
scription factors. miRNA 39 is complementary to an internal region of three SCL 
mRNAs. The interaction results in specific cleavage of target mRNA within the 
region of complementarity, indicating that this class of miRNA functions like 
small interfering RNA associated with RNA silencing to guide sequence-specific 
cleavage in a developmental^ controlled manner. 
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Micro-RNAs in eukaryotes are -21- to 22- 
ribonucleotide RNAs that arise from short 
stem-loop precursors through the activity of 
the double-stranded ribonuclease Dicer (/- 
6). The miRNAs from lin-4 and lei-7 genes 
are involved in translational control through 
interaction with 3 '-proximal sequences in tar- 



get mRNAs in Caenorhabditis elegans (7- 
//). However, the range of functions for oth- 
er miRNAs in plants, animals, and microor- 
ganisms has yet to be determined. 

Arabidopsis contains numerous small 
RNAs, many of which resemble miRNAs 
identified in animals (12, J3). Several of 
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these, including miRNA 39, have sequence 
identity or complementarity to mRNAs for 
protein-coding genes. miRNA 39 accumu- 
lates predominantly in inflorescence tissue 
and was predicted to arise from'a precursor 
gene in an intergenic region (IGR) in chro- 
mosome III (12, 13). The miRNA 39 se- 
quence and predicted stem-loop structure 
of the putative precursor are conserved in 
the genome of rice {Oryza sativa) (13). We 
detected miRNA 39— like species in Arabi- 
dopsis, rice, and Nicotiana benthamiana by 
blot assay (Fig. 1 A). The Arabidopsis, rice, 
and N. benthamiana miRNA 39 accumulat- 
ed fo relatively high levels in inflorescence 
and flower tissues (Fig. 1A, lanes 3, 6, and 
' 8) and to lower or nondetectable levels in 
leaf and stem tissue (Fig. 1A, lanes 1, 2, 4, 
5, and 7). 

The miRNA- 39 sequence in Arabidopsis - 
is perfectly complementary to an internal se- 
quence in mRNAs of three members 
[SCL6-II (locus At2g45160), SCL6-III 
(locus At3g60630), and SCL6-IV (locus 
At4g00150)] of the Scarecrow-like family of - 
putative transcription factors (12, 1 3). Four 
SCL genes in>rice have complementarity to - 
miRNA 39 (13$ Members of the SCL family 
control a wide Grange of developmental pro- 
cesses, including 'radial patterning in roots- 
and hormone Signaling {14-17). No other 
small RNAs related to sequences from the 
3'-proximal re|ions,of SCL6-III or SCL6-IV 
genes were detected in Arabidopsis leaf, 
stem, or inflorescence tissues by blot assay 
[fig. SI A (18)1 indicating that miRNA 39 
was not part" of .a: larger small interfering 
RNA (siRNA>|)opulation resulting from gen- 
eral RNA silencing triggered against broader 
segments of the SCL mRNAs. Blot assays 
indicated that^CLoV// and SCL6-IV genes 
were expressed in leaf, stem, and inflores- 
cence tissues -jFi'g.'; IB), although SCL6-1II 
and SCL6-IV mRNAs were most abundant in 
inflorescence ^Ussue (Fig. IB, lanes 5, 6, 13, 
and 14). In addition to full-length mRNAs 
[designated SCL6-III(a) and SCL6~IV(a) 
RNAs], shorter RNAs [SCL6-III(b) and 
SCL6-IV(b)] of -1.4 and -1.3 kilobases 
(kb), respectively, were detected with a 3'- 
proximal probe in extracts from inflorescence 
tissue but not in extracts from stems or leaves 
(Fig. IB, lanes 5, 6, 13, and 14). 

The 5' ends of SCL6-III(b) and SCL6- 
IV(b) RNAs were mapped by 5' RACE 
(rapid amplification of cDNA ends) to po- 
sitions corresponding to the middle of the 
respective sequences complementary to 
miRNA 39 (Fig. IB). The 5'-RACE reac- 
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Fig. 1. Expression of SCL genes and miRNA 39. (A) RNA blot analysis of miRNA 39 from Arabidopsis 
and N. benthamiana leaf, stem, and inflorescence/flower tissue and from rice (0. sativa) leaf and 
flower tissue. (B) RNA blot analysis of SCL6-I 'II (left) and SCL6-IV (right) mRNAs. Normalized (10 u.g 
per lane) RNA samples from Arabidopsis leaf, stem, and inflorescence tissue were analyzed in 
duplicate. The proportion of total RNA represented by the large cytoplasmic ribosomal RNA (rRNA) 
(shown in ethidium bromide-stained gels) differs between tissue types in Arabidopsis, which 
accounts for the more abundant rRNA in the inflorescence samples. The protein-coding regions 
(nucleotide numbering begins at the start codon) and the locations of the sequences complemen- 
tary to miRNA 39 are shown in the expanded diagrams. SCL6-IU- and "5C/.6-/V-specific probes 
detected both full-length mRNA (SCL6-lll(a) and SCL6-IV(a)] and shorter RNA [SCL6-lll(b) and 
SCL6-IV(b)] in inflorescence tissue. The positions corresponding to the 5' ends of the SCL6-lll(b) 
and SCL6-IV(b) RNAs determined by 5' RACE, and the number of 5'-RACE clones corresponding to 
each site, are indicated by arrows. 



tions involved ligation of an adapter to the 
5' end without enzymatic pretreatment, 
suggesting that both RNAs contained a li- 
gation-competent 5' monophosphate rather 
than a conventional 5' cap. These results 
are consistent with a model in which the 
SCL6-IIl(b) and SCL6-IV(b) RNAs arise 
by sequence-specific cleavage of the full- * 
length mRNAs at a site directed by miRNA 
39. In effect, miRNA 39 may function like 
a single siRNA (19), produced in trans 
from a miRNA 39 precursor gene, that 
guides cleavage of target SCL mRNAs. As 
siRNA-guided cleavage of silencing targets 
occurs at positions centered in the middle 
' of siRNA-target RNA duplexes (20), both 
siRNA-guided and miRNA 39-guided 
cleavage might occur by a common mech- 
anism within a sequence-specific nucleo- 
lytic complex termed RISC (RNA-induced 
silencing complex) (2/, 22). This model 
predicts that accumulation of SCL6-III(b) 



and SCL6-IV(b).RNAs will correlate _with 
accumulation of miRNA 39, which is con- 
sistent with the tissue-specific distribution 
patterns of miRNA 39 and SCL6-IIl(b) and 
SCL6-IV(b) RNAs (12) (Fig. 1, A and B). 

We tested the hypothesis that miRNA 39 
functions to direct cleavage of SCL mRNAs 
with an Agrobacterium-mediaXed delivery 
(Agro-inoculation) system to coexpress 
miRNA 39 and SCL6-IV target mRNA in N. 
benthamiana leaf tissue. We reasoned that a 
miRNA 39 precursor could be produced 
through transcription of the miRNA 39-con- 
taining IGR, either with an endogenous 
miRNA 39 promoter or with a 355 promoter, 
followed by Dicer-like processing (13) of the 
precursor in N. benthamiana. Three con- 
structs with the complete miRNA 39-con- 
taining IGR, or empty vector as a control, 
were coexpressed with the SCL6-1V construct 
(35S:SCL6-1V). Two of the constructs [35S: 
IGR-mi39 and 35S:AS-lGR-mi39) contained 
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Fig. 2. Cleavage of S0.6-/V mRNA is directed by 
miRNA 39. (A) Constructs containing the 
miRNA 39-<ontaining ICR and the SCL6-IV 
coding sequence were co-Agro-inoculated in 
N. benthamiana leaves, and normalized ex- 
tracts were tested for miRNA 39 by RNA blot 
assay 2 and 3 days postinoculation (d p.i.). (B) 
Analysis of SCL6-IV (a) and (b) RNA forms in 
normalized extracts from co-Agro-inoculated 
tissue by RNA blot assay with probes corre- 
sponding to 3' (top) or 5' (bottom) regions of 
the SCL6-IV coding sequence. The amount of 
SCL6-IV(b) RNA, expressed as a percentage of 
total SCL6-IV RNA [(a) + (b)] ( is indicated for 
each sample. The blots were stripped and re- 
analyzed with a cytoplasmic rRNA probe. The 
position of sequence complementary to miRNA 
39 is indicated in gray in the diagram. The size 
of the SCL6-IV(b) RNA (-1.3 kb) corresponds 
to the 3'-proximal SCL6-IV sequence (- 1.0 kb) 
plus the 3'-untranslated sequence (—0.3 kb). 
At, A. thaliana; Nb, N. benthamiana. 



a 2SS promoter for production of synthetic 
IGR transcripts of sense (relative to miRNA 
39) or antisense orientation, respectively, and 
one (IGR-mi39) contained the IGR sequence 
without a 355 promoter (Fig. 2A). A basal 
level of endogenous miRNA 39 was detected 
in nontreated leaves (Fig. 2A, lane 2) and in 
leaves that were co-Agro-inoculated with 
35S:SCL6-!V and the empty vector (lanes 3 
and 4). High levels of miRNA 39 were pro- 
duced after co-Agro-inoculation with the 
sense-oriented 35S:fGR-mi39 construct (Fig. 
2A, lanes 7 and 8), indicating that the. syn- 
thetic RNA transcript was recognized accu- 
rately by a Dicer-like enzyme {13). Data 
showing that miRNA 39 accumulation in 
these experiments was not the result of gen- 
eralized RNA silencing of SCL genes or the 
356" promoter- driven constructs are provided 
in the SOM text {18). Only low levels of 
miRNA 39 above background were detected 
in tissues expressing the antisense-oriented 
35S:AS-IGR-m\39 (Fig. 2A, lanes 9 and 10) 
or IGR-mi39 constructs (lanes 5 and 6). The 
low levels of miRNA 39 directed by the 
IGR-mi39 construct suggest that the IGR se- 
quence contains relatively weak regulatory 
sequences for transcription of the miRNA 39 
precursor gene, or that the miRNA 39 precur- 
sor gene is suppressed, in N. benthamiana 
leaf tissue. 

Coexpression of 35S:IGR-mi39 and 35S: 
SCL6-IV resulted in internal cleavage of the 
SCL6-IV mRNA (Fig. 2B, top, lanes 8 and 9). 
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Fig. 3. Cleavage of SCL6-IV mRNA 
requires sequence complementar- 
ity to miRNA 39. Mutations (un- • 
deriined) were introduced into the 
35S:SCL6-IV/mut39 construct, and 
wild-type and mutant constructs 
were co-Agro-inoculated with the 
35S:ICR-mi39 construct in N. 

-benthamiana. SCL6-IV RNA forms 
(top) and miRNA 39 (bottom) in 
extracts at 2 and 3 d p.i. were 
analyzed by blot assay. The SCL6- 
IV RNA blot was hybridized with a 
probe corresponding to the 3' end 
of the SC/.6-/V coding region and 

" then reanalyzed with a cytoplas- 
mic rRNA probe. 
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About 53 and 79% of the 50,<5-/K-related 
RNA detected 2 and 3 days postinfiltration, 
respectively, corresponded to the SCL6- 
IV<b) RNA product. Relatively small propor- 
tions of SCL6-IV mRNA were cleaved after 
coexpression with empty vector (Fig. 2B, top, 
lanes 4 and 5), IGR-mi39 (lanes 6 and 7), and 
35S:AS-IGR-mi39 constructs (lanes 10 and 
1 1), which can be explained by the basal or 
low levels of miRNA 39 in these samples. No 
cleavage products were detected with the 
SCL6-IV 5'-end probe (Fig. 2B), suggesting 
that the 5' fragment was less stable than the 
3' fragment [SCL6-IV(b)]. Identical results 
were obtained when the SCL6-III mRNA was 
used as a target in coexpression assays {23). 

To determine whether cleavage of SCL6- 
IV mRNA depends on perfect complementa- 
rity, with miRNA 39, we introduced three 
mismatches into the sequence complementa- 
ry to miRNA 39 in SCL6-IV RNA (construct 
35S:SCL6-IV/mut39) (Fig. 3). Whereas the 
wild-type SCL6-IV mRNA was cleaved effi- 
ciently in the presence of the miRNA 39- 
producing 35S:lGR-mi39 construct (Fig. 3, 
lanes 8, 9, 18, and 19), the SCL6-IV/mut39 
mRNA was completely resistant to cleavage 
(lanes 10, 11, 20, and 21). Furthermore, the 
low* level of cleavage of SCL6-IV mRNA in 
the^ presence of the empty vector construct 
was inhibited by the mutations (Fig. 3, lanes 
4 to 7), confirming that this activity was due 
to low levels of endogenous miRNA 39 in N. 
benthamiana tissue. * 

The finding of miRNA-directed- cleavage 
of several SCL mRNA targets in Arabidopsis 
indicates that there are at least two functional 
classes of miRNAs. Members of the small 
temporal RNA (stRNAJ-Hke class, including 
C.elegans lin-4 and let-7 miRNAs, down- 
regulate translation of target mRNAs but do 
not direct RNA target degradation or site- 
specific cleavage (7, 8, 10, J I). The stRNA 
class members do not interact with perfect 
complementarity to their natural targets, 
which may explain why they do not exhibit 
siRNA-like activity (24). In contrast, mem- 
bers of a class represented by Arabidopsis 
miRNA 39 interact with perfect complemen- 
tarity and appear to mimic siRNA function to 
guide cleavage. We propose that miRNA 39 
incorporates into a RISC-like complex iden- 
tical or similar to the RISC complex that 
mediates target cleavage during RNA silenc- 
ing (21, 22). Support for this concept also 
comes from the finding that engineered 
miRNA-target combinations with perfect 
complementarity result in target RNA cleav- 
age (25, 26). Finally, miRNA 39-guided 
cleavage of mRNAs has several possible con- 
sequences, including developmentally coor- 
dinated inactivation of SCL mRNAs. Internal 
• cleavage might also generate RNA products 
with novel characteristics or coding potential 
for truncated SCL proteins. Given the num- 



bers of miRNAs that were recently discov- 
ered in eukaryotes (4-6; 12, 13, 27, 28), 
additional members will likely be added to . 
each class. 
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ference (RNAi) (9). Target RNA cleavage is 
catalyzed by the RNA-induced silencing com- 
plex (RISC), which acts as an siRNA-directed 
endonuclease, cleaving the target RNA across 
from the center of the complementary si RNA 
strand (10, 11). Assembly of- the RISC is aden- 
osine triphosphate (ATP) dependent and pre- 
cedes target recognition (10, 12). Unlike siR- 
NAs, miRNAs are single stranded and pair with 
target mRNAs that contain sequences only par- 
tially complementary to the miRNA and repress 
mRNA translation without altering mRNA sta- 
bility (13-19). Although at least 135 miRNAs 
have been identified collectively from Caeno 
rhabditis elegans, Drosophila melanogaster, 
and humans, none is fully complementary to 



A microRNA in a Multiple- 
Turnover RNAi Enzyme Complex 

Cyorgy Hutvagner and Phillip D. Zamore* 

In animals,, the double-stranded RNA-specific endonuclease Dicer produces two 
classes of functionally distinct, tiny RNAs: microRNAs (miRNAs) and small inter- 
fering RNAs (siRNAs). miRNAs regulate mRNA translation, whereas siRNAs direct 
RNA destruction via the RNA interference (RNAi) pathway. Here we show that, in 
human cell extracts, the miRNA let-7 naturally enters the RNAi pathway, which 
suggests that only the degree of complementarity between a miRNA and its 
RNA target determines its function. Human /et-7 is a component of a previously 
identified, miRNA-containing ribonucleoprotein particle, which we show is an 
RNAi enzyme complex. Each /et-7-containing complex directs multiple rounds 
of RNA cleavage, which explains the remarkable efficiency of the RNAi pathway 
in human cells. 
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